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Abstract 
 
Igneous intrusions affect the safety, productivity and economic viability of many coal 
mines due to thermal and geochemical alteration of the coal, alteration of groundwater 
chemistry, and the production of methane and carbon dioxide, which elevates the 
threat of spontaneous combustion and outbursting. In addition, the intrusions 
themselves commonly create difficult and expensive mining conditions and the 
nearby coal is coked, rendering it useless. 
 
Dartbrook Coal mine is located in the Upper Hunter Region, on the boundary between 
the Sydney and Gunnedah Basins, NSW, Australia. This thesis has investigated the 
impact that two major dykes have had on the coal of the Late Permian Wynn seam, 
cleat carbonates, and groundwater composition at the mine. Samples of coal were 
collected in transects, starting close to the intrusions and extending away from the 
intrusions. Vitrinite reflectance, mineralogy, and geochemistry were analysed on the 
coal samples to determine the extent of thermal alteration. Additional coal samples 
were collected throughout the mine-lease and the cleat carbonate was extracted. The 
mineralogy, δ18O and δ13C composition were analysed on the cleat-infill to determine 
the source of the dominant carbonate. Groundwater samples were also collected 
throughout the mine-lease and the geochemistry, δ34S and 87Sr/86Sr composition were 
analysed to determine if groundwater can be used to detect the intrusions.  
 
The vitrinite reflectance, mineralogy, and geochemistry of the coal seams intruded by 
dykes change dramatically approaching the intrusions. Proximal to the igneous 
intrusions, the coal changes through four alteration zones comprising normal coal (Ro 
max = 0.8), slightly thermally altered coal (Ro max = 1.8), brecciated coke (Ro 
max = 2.5 to 5.0), and natural coke (Ro max = 7.0). The greatest alteration occurs 
between the fingers of the dyke but the pattern of alteration is not uniform; the outer 
dyke finger caused the most alteration by far, because it acted as a conduit for 
subsequent intrusions of magma and hydrothermal fluids. Geochemical data for the 
coal indicate that elements exhibit affinities for minerals (e.g. Na, Al, and Si for 
aluminosilicate minerals) and display trends of accumulation and depletion 
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approaching the contact depending on those affinities. The majority of elements (e.g. 
Ca, Mg, Mn, and Fe) are enriched at the coal/intrusion contact.  
 
The dominant cleat carbonate is dawsonite (NaAlCO3(OH)2), with δ13CPDB values 
between -1.7 and +2.4‰ (standard deviation = 0.7‰) and δ18OSMOW values between 
+13.6 and +19.8‰, and a narrow standard deviation (1.7‰). The narrow range of 
δ13C values and the occurrence of major igneous activity at Dartbrook indicates that 
the carbon in the dawsonite has a magmatic source, whereas the broad range of δ18O 
values reflects the direct or indirect impact of local intrusions. The dawsonite formed 
at a late stage by the interaction of Na2CO3- or NaHCO3-rich solutions with 
hydroaluminosilicates present in the coal. 
 
The groundwater composition displays spatial variations near the two major dykes. 
The δ34S values range from –0.3 to +63.8‰ (average = +22.8‰), while the 87Sr/86Sr 
values range from 0.704984 to 0.706647. The 87Sr/86Sr data indicate that the igneous 
influence is all-pervasive in the study area. The groundwater chemistry exhibited a 
localised igneous signal near one dyke, which was detected using the products of 
potassic alteration of K-rich feldspars (weathering products from the dyke).  
 
The finding that igneous intrusions can be detected using groundwater composition 
indicates that the technique can be used during mining exploration. The advantage to 
early-detection of intrusions is that they can be avoided during mining and a better 
estimate of the size of the recoverable coal reserves can be made.  
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CHAPTER ONE - INTRODUCTION 
 
1.1 INTRODUCTION 
 
Igneous intrusions affect the safety, productivity and economic viability of many coal 
mines due to thermal and geochemical alteration of the coal, alteration of groundwater 
chemistry, and the production of methane and carbon dioxide, which elevates the threat 
of spontaneous combustion and outbursting. This thesis investigates the impact that 
igneous intrusions have had on the composition of coal mineralogy and geochemistry, 
cleat carbonate δ18O and δ13C composition, and groundwater geochemistry, δ34S and 
87Sr/86Sr composition at Dartbrook Coal mine. Dartbrook is located 270 km by road 
northwest of Sydney, in the Muswellbrook and Scone Shires in the Upper Hunter 
Region, on the boundary between the Sydney and Gunnedah Basins. 
 
Dartbrook Coal mine has several dykes and other intrusions that run through the mine-
lease. The intrusions have coked the nearby coal, rendering the coal useless; also, parts 
of the intrusions are very hard, making them difficult to mine through. Thermal 
alteration by the intrusions means that all of the original coal reserves for which 
Dartbrook Coal mine was planned cannot be removed. If intrusions were detected 
during the exploration stage of mine development, they could be avoided. If this could 
be achieved using the groundwater and coal samples collected during exploration, the 
coal mining industry would benefit greatly. 
 
1.2 AIM 
 
The chief aim of this thesis is to evaluate the impact of igneous intrusions on the coal, 
cleat minerals and groundwater at Dartbrook. To achieve the aim, many complementary 
geochemical analyses were performed on samples of coal, cleat minerals and 
groundwater. Within this unifying aim, this thesis explores numerous minor 
investigations. The minor aims include:  
(i) identifying the extent of thermal alteration halos in the coal;  
(ii) identifying the dominant cleat carbonate and determining its source;  
(iii) identifying the end members contributing to the groundwater composition; 
and 
(iv) determining if groundwater chemistry can be used to detect igneous 
intrusions. 
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1.3 OUTLINE 
 
Chapter two introduces the study area and describes the stratigraphy. It discusses the 
occurrence of geological features such as igneous intrusions and briefly describes the 
geological evolution of the Wittingham Coal Measures. 
 
Chapter three examines the impact of two igneous intrusions on the vitrinite reflectance, 
mineralogy and geochemistry of the coal. The extent of the thermal alteration halos is 
determined using the coal textures, vitrinite reflectance, mineralogy, and geochemistry 
and the results are compared to findings by other authors.  
 
Chapter four investigates the identity of cleat carbonates together with their carbon and 
oxygen isotopic composition. The carbon source in the carbonates is identified and the 
mechanism of formation is discussed in light of previous findings. 
 
Chapter five discusses the major and trace element chemistry, δ34S composition, and 
87Sr/86Sr composition of the groundwater. The spatial, temporal and vertical trends in 
the data are examined, and the possibility of using groundwater to detect igneous 
intrusions is explored. 
 
Chapter six provides a discussion of the combined results. It focuses on the usefulness 
of the findings and outlines the areas for further research. Chapter six also presents the 
conclusions of this thesis. 
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CHAPTER TWO – STUDY AREA 
 
2.1 INTRODUCTION  
 
The current study focuses on the effects of igneous intrusions on coal, cleat minerals 
and groundwater at Dartbrook Coal Pty Ltd mine. This chapter contains a description of 
the study area, the stratigraphy and its evolution. Dartbrook Mine is located in the 
Muswellbrook and Scone Shires in the Upper Hunter Region of New South Wales 
(Figure 2.1), approximately 10 km north of Muswellbrook and 3 km southwest of 
Aberdeen Railway Station. The mine lies at the junction of the Sydney-Gunnedah 
Basin. The Aberdeen and Hunter Thrust faults lie to the east of the mine and form the 
structural boundary between the northern Sydney Basin and the New England Fold Belt 
(Uren, 1985). Dartbrook is located on the Singleton 1:250 000 geological sheet (Rasmus 
et al., 1969). 
 
The eastern part of the study area comprises the flood plain of the Hunter River with an 
elevation of 150 to 170 m above sea level (masl). The land gently rises into undulating 
hills to about 270 masl in the west. The highest part of the landscape is Mount Pleasant 
at 366 masl and the maximum relief is 220 m (Uren, 1985). The Hunter River flows in a 
meandering course in the southern part of the mine-lease and the Dart Brook joins the 
river in the study area (Figure 2.2).  
 
The Hunter Tunnel extends under the Hunter River Valley and acts as a coal haulage, 
transport and ventilation roadway. The tunnel crosses the river valley from east to west 
and is about 4 km in length; the initial gradient is 1:5, then the tunnel follows the Upper 
Wynn seam in a broad syncline across the valley (Doyle and Lohe, 1996). The tunnel 
traverses through the Late Permian sedimentary strata of the Jerrys Plains Subgroup, 
which is unconformably overlain by up to 21 m of Quaternary Hunter River alluvial 
gravels (Doyle and Lohe, 1996).  
 
Figure 2.1. Location of Dartbrook Coal Pty Ltd in NSW, Australia, after Sherwin and Holmes 
(1986). Dartbrook is located in the Sydney Basin, near Muswellbrook in the Upper Hunter Valley.
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Dartbrook Coal mines the Upper Wynn seam of the Late Permian Wittingham Coal 
Measures, which are part of the Singleton Super Group (Figure 2.3). Britten (1972) 
named 21 coal seams in the group and noted that they commonly split and coalesce. The 
coal measures dip westerly to northwesterly (Uren, 1985) and are divided into the lower 
Vane and upper Jerrys Plains subgroups. The Vane Subgroup is divided into two 
formations, the lower Foybrook and upper Archerfield-Bulga Formations. The 
uppermost unit of the Foybrook Formation is the Wynn seam and the Archerfield 
sandstone unconformably overlies it. The Wittingham Coal Measures were deposited 
over the marine sediments of the Maitland Group as a regressive coal-bearing fluvio- 
deltaic sequence (Uren, 1985). The sedimentation was interrupted by a rapid marine 
transgression, as represented by the Archerfield-Bulga Formation, before returning to a 
coal-forming environment in the Jerrys Plains subgroup. Deposition of the group was 
terminated by a second marine incursion, the Denman Formation (Uren, 1985).
Singleton
Super
Group
Subgroup
Wittingham
Coal
Measures
Jerrys Plains 
Subgroup
Vane
Subgroup
Formation 
Denman Fm
Mt Thorley Fm
Fairford Fm
Bumamwood Fm
Archerfield-Bulga Fm
Foybrook Fm
Subunit
Arrowfield 
Bowfield 
Warkworth 
Greenleek 
Claystone 
Mt Arthur 
Kayuga 
Piercefield 
Vaux 
Broonie 
Bayswater 
Archerfield sst 
Upper Wynn 
Lower Wynn 
Edderton 
Clanricard 
Bengal la 
Eddinglassie
___(uPPer)
Eddinglassie 
Ramrod
Figure 2.3. Stratigraphy at Dartbrook in the Upper Hunter Valley (after Doyle and Lohe, 1996).
Dartbrook Coal mines the Upper Wynn seam, which is unconformably overlain by the Archerfield 
sandstone.
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The Wynn seam is split into an upper (Upper Wynn seam - UWS) and a lower (Lower 
Wynn seam  LWS) section by clastic sediments. The LWS is relatively dull and the 
lithotypes predominantly range from DD (Dull Coal <1% bright) to BD (Interbanded 
bright and dull coal >40%, <60% bright). Changes in the water level during peat growth 
are indicated in the seam by abrupt changes from dull to bright lithotypes, possibly due 
to periodic flooding (Uren, 1985). The UWS dulls upwards from BB (bright coal with 
dull bands >60%, <90% bright) and BD lithotypes at the base to DM (dull coal with 
minor bright bands >1%, <10% bright) and DD towards the top. The Upper Wynn seam 
is divided into the WUA, WUB and WUC seam sections and reaches a maximum 
thickness of 11 m (Doyle and Lohe, 1996).  
 
Throughout the mining lease, the Bayswater seam (the basal member of the Jerrys 
Plains Subgroup) overlies the Archerfield-Bulga Formation. The maximum thickness of 
the Bayswater seam is 14 m and this is overlain by the Broonie seam with a maximum 
thickness of 6 m. The Wynn and Bayswater seams constitute a lower and upper portion 
of the same seam. The Wynn seam formed in front of an advancing sea and the 
Bayswater seam formed behind a prograding shoreline (Diessel, 1992). The Wynn, 
Bayswater, and Broonie seams coalesce over the mining lease (Uren, 1985) but are split 
by moderate thicknesses of the Archerfield-Bulga Formation to the east, over the Hunter 
Tunnel (Doyle and Lohe, 1996). The base of the Archerfield sandstone unit is erosional 
and some parts of the upper Wynn seam have been removed (Doyle and Lohe, 1996). 
The sandstone is coarse grained and consists of complexly interbedded and channelised 
conglomerate, sandstone, siltstone, mudstone, carbonaceous mudstone and some minor 
thin coaly bands (Doyle and Lohe, 1996). It is rich in montmorillonite and contains 
varying amounts of quartz and lithic fragments (Uren, 1985). 
 
Tuff bands occur throughout the Wittingham Coal Measures due to volcanism 
depositing ash in the peat swamp. The Wynn tuff band 6 (WTB6) is the thickest tuff 
band in the lower Wittingham Coal Measures. It occurs within the Wynn seam near the 
top of the upper split and is the sixth tuff band from the base of the split (Uren, 1985). 
The WTB6 is a brown, buff or grey-brown silty and fine-grained sandy tuff averaging 
0.2 to 0.3 m thickness. The WTB6 was deposited by a number of closely-spaced 
eruptions and Uren (1985) proposed that forest fires accompanied, or followed, the ash 
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falls. Coal directly overlies the tuff indicating that the ash falls did not destroy the peat 
swamp (Uren, 1985). 
 
Where the UWS is overlain by the marine Archerfield-Bulga Formation, it has a high 
pyrite content in the form of nodules and lenses (Uren, 1985). The pyrite content is 
related to the incorporation of marine sulphur into the peat via either tidal inlets and 
estuaries, which penetrated the swamp, or during the marine transgression when 
seawater may have soaked down into the drowned peat (Uren, 1985). 
 
2.2 STRUCTURE 
 
The structural features noted at Dartbrook by Uren (1985), Lohe (1995), and Doyle and 
Lohe (1996) include: 
 
(i) minor thrust faults  evidence of thrust faulting exists, but the faults do not 
involve large vertical displacements; 
(ii) small normal faults  several small normal fault zones exist and the largest 
fault has displaced the WUA seam by 1 m; and 
(iii) dykes  several dykes of varying composition occur throughout the mine-
lease. Most are grey in colour, porphyritic, and highly altered. Most are 
vertical and have probably intruded into existing structures. The most 
significant to the current study are the Roman Road and the Hydra (Figure 
2.4). The Roman Road dyke is ~90 Ma (Zwingmann et al., 1999). 
 
Lohe (1995) stated that dyke intrusion is commonly accompanied by the formation of 
jointing or fracturing that runs parallel to the dyke and may be intense around the dyke. 
The jointing is caused by the heating and expansion then cooling and contraction of the 
surrounding rocks. Fracturing around the dyke causes a reduction in stability and 
increases the coal permeability allowing more seam gas and groundwater to emerge 
from the coal as mining approaches. 
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2.3 GEOLOGICAL EVOLUTION OF HUNTER VALLEY 
COAL SEAMS 
 
The Sydney Basin strata are overthrust by rocks of the New England Fold Belt (NEFB) 
with the frontal edge located along the line of the Hunter-Mooki Thrust System (Stuntz, 
1969). The rocks of the NEFB are Devono-Carboniferous in age and are dominantly 
terrestrial in origin (Lohe, 1992). The rocks formed in the fore-arc basin and subduction 
complex of a westerly dipping subduction zone (Aitchison et al., 1992).  
 
The geological evolution of the units present at Dartbrook are summarised in the 
following paragraph (Rattigan, 1969; Loughnan and Goldbery, 1972; Mayne et al., 
1974; Herbert, 1980; Uren, 1985; Hamilton, 1986; Beckett, 1988; Shaw et al., 1991; 
Lohe et al., 1992; Bradley, 1993; Roberts et al., 1996). During the Late Carboniferous-
Early Permian, the Sydney Basin developed as a structural entity after the Hunter 
Orogeny, which produced the Hunter-Mooki Thrust System. Extensive volcanism 
occurred in rifts along the northern margin of the Sydney Basin and the Early Permian 
Dalwood Group consisting mostly of marine sediments and volcanics was deposited. 
During the Middle-Late Early Permian terrestrial deposition occurred in swampy coastal 
plains, with waning volcanism and extensive marine transgression. The Late Permian 
was defined by the deposition of up to 200 m of terrestrial and marine sediments in 
three major regressive episodes, including the Wittingham Coal Measures. Finally, 
during the Early-Middle Triassic, extensive terrestrial sedimentation occurred in a 
variety of environments. During this period a distinct change in the direction of regional 
sediment transport occurred. 
 
Australia was part of the Gondwanan continent adjacent to the South Pole during the 
Permian. In the earliest Permian glaciation was widespread throughout Australia. 
Evidence for floating ice and glacial activity occurs throughout the Late Permian 
sequences in the Sydney Basin (Loughnan and Goldbery, 1972; Roberts et al., 1996). 
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2.4 OTHER WORK 
 
Published geological work on the Singleton Super-Group is briefly summarised below. 
More detail on some of these publications is incorporated in relevant parts of this thesis: 
(i) Raggatt (1938)  regional geology, origin and tectonics of the Permian coal 
measures. 
(ii) Booker (1953)  Singleton-Muswellbrook coalfield, geology, coal resources, 
petrology; describes cyclic sedimentation in coal measures. 
(iii) Foskett (1953)  Ravensworth-Liddell area, describes the lower part of the 
coal measures and the transition of coal measures into underlying sediments. 
(iv) Veevers (1960)  Howick area, cyclic sedimentation and structure of lower 
part of coal measures. 
(v) Robinson (1969)  stratigraphy of Singleton Coal Measures. 
(vi) Britten (1970)  correlates seams on the east and west flanks of the 
Muswellbrook Anticline, identifies marker beds. 
(vii) Britten (1972)  stratigraphy of Singleton Coal Measures. 
(viii) Stuntz (1972)  regional geology of Upper Coal Measures. 
(ix) Britten and Smyth (1973)  depositional environments of Bayswater Coal 
and Archerfield-Bulga Formation. 
(x) Gray (1974)  Ravensworth, sedimentology and structure of Singleton Coal 
Measures. 
(xi) Britten et al. (1975)  Upper Hunter, types of seam splitting, petrographic 
composition of coal and tectonism. 
(xii) Marchoni (1976)  Hebden-Ravensworth, palaeoenvironment of Foybrook 
Formation. 
(xiii) Cameron (1980)  Lidell-Warkworth-Broke, sedimentology of Wittingham 
Coal Measures. 
(xiv) Bailey (1981)  Broke-Mt Thorley, stratigraphy and depositional 
environments of the Singleton Super-Group. 
(xv) Uren (1985)  Dartbrook, Wittingham Coal Measures. 
(xvi) Doyle and Lohe (1996)  Dartbrook, Wittingham Coal Measures. 
(xvii) Kozyrev (1996)  Dartbrook, the origin of CO2 in the Wittingham Coal 
Measures. 
(xviii) Watkins (1996)  Mount Arthur South, impact of igneous intrusions in the 
Wittingham Coal Measures. 
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CHAPTER THREE – COAL, ENCLOSING STRATA AND 
INTRUSIONS 
 
3.0 INTRODUCTION 
 
This chapter discusses the presence of igneous intrusions at Dartbrook and the alteration 
of coal. The first section discusses the literature on the composition and alteration of 
coal. The second section outlines the methods used during this study. The third section 
presents and discusses the results of this chapter and their implications.  
 
3.1 LITERATURE REVIEW  
 
3.1.1 INTRODUCTION 
 
This section reviews the impact of igneous intrusions on coal. Intrusions thermally alter 
coal and thereby change the vitrinite reflectance, mineralogy and chemistry. Much 
research has been done on the impact of intrusions using various methods of 
investigation.  
 
3.1.2 COAL 
 
Coal is a complex suite of organic-rich rocks that have different ranks, types and grades. 
Coal forms due to the accumulation, preservation, burial, and alteration by biologic and 
geologic processes of organic matter and minerals (ICCP, 1963; Gray, 1982). The 
following are required to produce peat, which can then become coal (Stach et al., 1982): 
(i) an area undergoing relative subsidence; 
(ii) a continuous supply of plant material;  
(iii) an oxygen-poor environment with stagnant water;  
(iv) abundant water; and 
(v) an area protected from the influx of rock and mineral detritus. 
 
As the plant material is buried and compacted, changes occur to the density, amount of 
water, and volatile and non-volatile matter in the coal. The stages of coalification are 
(ICCP, 1963):
(i) peat -  soft, spongy mass of plant debris with visible plant fragments and
>75% water;
(11) brown coal -  dull and earthy brown, organic material is converted to lignite 
with recognisable plant debris, <75% but >10% water;
(ni) bituminous coal -  hard and black, plant fragments not visible, <10% 
moisture content; and
(iv) anthracite — metamorphosed coal, hard and black, almost no moisture 
content.
3.1.2.1 Macerals
Macerals are the relatively homogenous organo-petrographic constituents of coal and 
form the basis for its classification (ICCP, 1963). Each maceral reflects the conditions 
of coalification (Stach et al., 1982). The main types of macerals and an interpretation of 
sources are shown in Table 3.1.
Table 3.1. Selected maceral groups, macerals and an interpretation of the maceral sources after 
ICCP (1963) and Stach et al. (1982). Note that the macerals contained in a coal seam give a good 
indication of the coal-forming environment; for example, the presence of fusinite indicates bush fires.
M aceral G roup Maceral Interpretation o f source
Vitrin ite Telinite C ellular structures from  lignin-rich wood
Collinite S tructureless, hum ic gel, often infills cells
V itrodetrin ite Broken o r degraded plant fragm ents
Inertinite Fusinite Charcoal, oxidised w oody tissue
Sem ifusin ite Partly charred plant tissues
M acrinite N on-granular groundm ass
Inertodetrin ite Fragm ents o f o ther inertinite m acerals
M icrinite Very small rounded grains
Sclerotinite Fungal rem ains
Liptinite Sporinite Skins o f spores and pollen grains
Cutinite O uter layers o f leaves and cuticles
Resinite Resins and o ther secretions from  plants
Alqinite Algae
Coal deposited in moist, warm climates contains abundant vitrinite from large plant 
stems (Stach et al., 1982). If the conditions of preservation were poor, the wood in dry 
peat would be destroyed and the coal that remains would contain a high proportion of
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liptinite macerals (Watkins, 1996). For example, the unaltered coals in the Upper 
Hunter area contain sporinite, resinite and inertodetrinite indicating a dry period and 
probably a fall in sea level (Watkins, 1996). Also, the coal is not vitrinite-rich, which is 
a product of the cold climatic conditions during deposition. 
 
Lithotypes are layers in black coal that exhibit differences in maceral texture, lustre and 
composition (ICCP, 1963; Stach et al., 1982). Lithotypes are inherited from the original 
peat bed and reflect fluctuations in the water table and supply of organic and inorganic 
material at the time of accumulation (Watkins, 1996). The four lithotypes are vitrain 
(very bright, rich in vitrinite), clarain (banded, bright and dull, contains vitrinite, 
liptinite and inertinite), durain (dull, rough, grey to brownish black, rich in liptinite or 
inertinite) and fusain (soft, friable, black, rich in fusinite) (ICCP, 1963; Stach et al., 
1982). 
  
3.1.2.2 Minerals in Unaltered Coal 
This section discusses the mineral content of unaltered coal to allow a comparison with 
thermally altered coal in later sections. Mineral matter is everything inorganic that is in, 
or associated with, the coal (Saxby, 2000). The inorganic material occurs as: discrete 
crystalline particles, amorphous mineral phases, inorganic elements chemically bound 
to the organic material, and compounds dissolved in the pore or surface water of the 
coal (Stach et al., 1982; Saxby, 2000). Minerals occur in coal as discrete flakes, grains 
or aggregates of microscopically-disseminated inclusions in organic matter, thick bands 
or lenticles of clay-rich or pyritic material, layers or partings, nodules, rounded pellets, 
fissure/cleat/fracture infilling and megascopic rock fragments (Ward, 1986; Saxby, 
2000). 
 
In the current study, the mineral content of the normal coal is compared to the thermally 
altered coal. The types of minerals in coal indicate the source of the mineral because 
minerals can be incorporated in coal in three different ways (Stach et al., 1982; Ward, 
1986, 1989): 
(i) detrital input  particles washed or blown into the peat swamp, e.g. quartz 
(SiO2), feldspar ((K,Na,Ca)AlSi3O8), illite, mixed-layer clays, and chlorite 
((Mg,Al,Fe2+)12[(Si,Al)8O20](OH)8); 
(ii) authigenesis  precipitation from solution or biogenic processes, e.g. pyrite 
(FeS2) and siderite (FeCO3) nodules; and 
(iii) diagenetic alteration  from the interactions of other minerals with 
groundwater or from rank advance, e.g. kaolinite (AlSi2O5(OH)4), calcite 
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(CaCO3), gypsum (CaSO4.2H2O), ankerite (Ca(Fe,Mg,Mn)(CO3)2), and 
dolomite (CaMg(CO3)2). 
 
The relationship between the mineral occurrences can also indicate the timing of the 
mineral formation. Minerals can form in coal at four stages (Ward, 1986): 
(i) syngenetic  during plant debris accumulation; 
(ii) early diagenetic  shortly after the initial burial; 
(iii) late diagenetic  during deeper burial and rank advance; and 
(iv) epigenetic  after coal has reached its maximum rank. 
 
Most of the mineral content of thermally unaltered coal is authigenic or diagenetic in 
origin (Ward, 1986). The three dominant mineral classes present in coals worldwide are 
silicon-rich minerals, carbonates and sulphides (Palmer and Lyons, 1996; Karayigit et 
al., 1997; Karayigit et al., 1998; Mukhopadhyay et al., 1998; Querol et al., 1999; 
Golding et al., 2000; Helle et al., 2000; Karayigit et al., 2000; Pollock et al., 2000; 
Zhuang et al., 2000). The mineral content of Australian coals is dominated by kaolinite, 
quartz, siderite, montmorillonite and mixed-layer clays; minor amounts of pyrite, 
feldspar, apatite (Ca5(PO4)3Cl) and calcite may also be present (Ward, 1986, 1989; 
Ward et al., 1999). If calcite and dolomite occur it is usually as fracture infillings (Ward 
et al., 1999). The mineral composition of the normal and thermally altered coal in the 
current study is compared to that catalogued in the literature. 
 
3.1.3 THE IMPACT OF IGNEOUS INTRUSIONS ON COAL 
 
The following section outlines the impact that igneous intrusions have on coal and 
provides a review of previous work in this field. The first large-scale extraction of coal 
occurred in Europe and it has since been discovered that coal seams occur in all of the 
continents. Some of these coal seams have been invaded by igneous intrusions. The 
intrusion, usually a dyke or sill, thermally alters the coal and may completely replace it. 
The process of thermal alteration and its outcomes are outlined. A review of the 
findings of researchers in America, Australasia, Antarctica, Asia and Europe is given in 
section 3.1.3.2. The review is split into three sections based on whether the results were 
gained using vitrinite reflectance, mineralogy or geochemistry. 
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3.1.3.1 Coking 
This section describes the process of thermal alteration of coal and the changes that 
occur as a result. When igneous intrusions heat coal under anaerobic conditions, the 
coal emits volatiles and leaves a carbon-rich residue (Kisch, 1966; Querol et al., 1997). 
With continued heating it forms a weakly resistive liquid that fills with bubbles and 
solidifies to form natural coke, cinder coal or finger coal, an expanded, carbon-rich 
material with a large surface area and a strong resilient framework (Merritt, 1990). 
Natural coke is usually dull, compact, and hard and has polygonal prismatic joints 
perpendicular to the contact surface (Ghosh, 1967; Hamilton, 1968; Stach et al., 1982; 
Querol et al., 1997). 
  
Different zones comprising unaltered coal, altered coal, brecciated coke and coherent 
coke can be identified as the intrusion is approached (Hamilton, 1968; Ward et al., 
1989; Goodarzi and Cameron, 1990). The alteration of coal by igneous intrusions is 
greatest at the contact and extends into the coal as an aureole (Hamilton, 1968; Jones 
and Creaney, 1977; Stach et al., 1982; Bostick and Collins, 1987; Ward et al., 1989; 
Watkins, 1996; Querol et al., 1997). The size of the aureole depends on the rank, 
petrological composition, thermal conductivity, degree of development of fissures and 
cleats, water content, pressure and temperature of the coal and the chemical 
composition, temperature, degree of crystallisation of the intrusion, and the nature and 
proportion of volatile fluids (Johnson et al., 1963; Kisch and Taylor, 1966; Ghosh, 
1967; Hamilton, 1968; Finkelman et al., 1998). Natural coking commences at ~500ºC 
(Stach et al., 1982). Mafic magma intrudes at a higher temperature than felsic magma 
and large intrusions form more irregular aureoles than small intrusions due to the 
greater amount of heat supply (Watkins, 1996). Even narrow dykes can transform coal 
into natural coke (Ward et al., 1989). Organic-rich material can act as a thermal 
insulator, reducing the effects of the intrusion and causing a narrower alteration zone 
around the intrusion (Kisch and Taylor, 1966; Goodarzi and Cameron, 1990). The 
effects of the intrusion are local and variable and occur over a relatively short period of 
time (Stach et al., 1982). The size of the aureole and the effects of intrusions therefore 
depend on a large number of variables, which will be considered in this chapter for the 
two intrusions being investigated at Dartbrook. 
 
Coal at the contact may become plastic. As the intrusion comes into sudden contact with 
water-filled joints or cavities, steam is produced and vesicles may form in the 
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solidifying coke. Cokes adjacent to large intrusions have more and larger vesicles; close 
to the contact, these become elongated in the direction of flow of the coke when it was 
plastic (Watkins, 1996). The viscosity of plastic coal is similar to mafic magma and 
varies within the coal, leading to the formation of different size vesicles (Stach et al., 
1982). Because coal has a greater elasticity than most other rocks it may expand or 
contract by as much as 60% (Watkins, 1996) and it is easily deformed. While the coal is 
plastic, some may be injected into cracks in the coal and intrusion forming a coal dyke 
(Kisch and Taylor, 1966; Hamilton, 1968; Podwysocki and Dutcher, 1971).  
 
Not only does the physical structure of coal change with thermal alteration, so does the 
composition. As coal transforms into coke, vitrinite becomes porous, changes from 
anisotropic to isotropic and crystallises to form semi-coke with a characteristic mosaic 
structure (Taylor, 1961). Liptinites spontaneously decompose, reflectance increases and 
part or all of the organic matter is removed by reactions that form CO2, CH4 and other 
products (Hamilton, 1968; Williams, 1991). At high temperatures the mineral matter in 
coal is decomposed or transformed into polymorphs (Goodarzi and Cameron, 1990). 
The CO2 in the volatiles accompanying igneous intrusions and the CO2 from 
metamorphosed coal lead to the formation of calcite in vesicles and veins adjacent to 
intrusions (Kisch and Taylor, 1966; Podwysocki and Dutcher, 1971; Stach et al., 1982; 
Finkelman et al., 1998; Glikson et al., 2000). Pyrite and siderite form when coal 
encounters magma under reducing conditions (Thorpe et al., 1998). Igneous intrusions 
also alter the chemistry of coal by the following three mechanisms (Finkelman et al., 
1998): 
(i) removal of elements by volatilisation; 
(ii) residual concentration of elements in refractory phases; and 
(iii) addition or removal of elements by fluids derived directly from the intrusion 
or from a hydrothermal system generated at the contact. 
 
Intrusion of dykes into coal causes serious problems for mining. Fissures may develop 
at the coal/intrusion contact and be intense around the dyke (Stach et al., 1982; Lohe, 
1995). Fracturing around the dyke causes a reduction in stability and increases the coal 
permeability allowing more seam gas and groundwater to emerge from the coal as 
mining approaches (Lohe, 1995). Many coal seams in the Sydney and Bowen Basins 
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have been intruded by dykes and sills and all of these coal seams are strongly 
mineralised (Watkins, 1996; Glikson et al., 2000).  
 
Not only is the coal altered by the intrusion, but intrusions undergo endometamorphism 
in which they are altered at their margins by the fluids and volatiles associated with the 
host coal (Kisch, 1966; Hamilton, 1968; Stach et al., 1982; Varga and Horváth, 1986). 
When small offshoots intrude into the enclosing coal, they can be completely altered to 
white trap by reaction between the magma, CO2 and H2O. Alteration is greater in low 
rank coals because of the greater amount of CO2 and H2O present (Kisch, 1966; 
Hamilton, 1968).  
 
3.1.3.2 Findings by other authors 
Many researchers have studied the effect of igneous intrusions on coal seams in 
America, Australasia, Antarctica, Asia and Europe (Tables 3.2 and 3.3). Early research 
relied on vitrinite reflectance to recognise the alteration effects of intrusions (e.g., 
Ghosh, 1967). Other researchers combined vitrinite reflectance with the mineralogy of 
the coal (e.g., Kisch and Taylor, 1966). More recently, techniques for determining the 
chemistry of inorganic components and trace elements have been used in conjunction 
with vitrinite reflectance and mineralogy (e.g., Goodarzi and Cameron, 1990). The 
current study combines vitrinite reflectance, mineralogy, and major and trace element 
geochemistry to describe the thermal alteration. 
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Table 3.2. Summary of references relating to the impact of igneous intrusions on coal. The region 
and country in which each study was conducted are listed. 
 
Author Region Country 
Merritt (1990) Matanuska Valley Alaska 
Goodarzi and Cameron (1990) British Columbia Canada 
Podwysocki and Dutcher (1971) Colorado U.S.A. 
Bostick and Collins (1987) Colorado U.S.A. 
Finkelman et al. (1998) Colorado U.S.A. 
Thorpe et al. (1998) Colorado U.S.A. 
Meyers and Simoneit (1999) Colorado/New Mexico U.S.A. 
Taylor (1961) New South Wales Australia 
Hamilton (1968) New South Wales Australia and New Zealand 
Ward et al. (1989) New South Wales Australia 
Watkins (1996) New South Wales Australia 
Gurba and Ward (2000) New South Wales Australia 
Othman and Ward (2002) New South Wales Australia 
Kisch (1966) Queensland Australia 
Kisch and Taylor (1966) Queensland Australia 
Brown and Taylor (1961) Theron Mountains Antarctica 
Zheng et al. (1996) Jiling Province China 
Querol et al. (1997) Liaoning Province China 
Ren et al. (1999) Shanxi Province China 
Ghosh (1967) Damodar Valley India 
Jones and Creaney (1977) NE England England 
Varga and Horváth (1986) Mecsek Mountains Hungary 
Kwiencińska et al. (1992) Wałbrzych Area Poland 
Karayigit and Whateley (1997) Soma Turkey 
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Table 3.3. Properties of coal and intrusion from each location listed in Table 3.2. Parameters such as 
the coal rank, age, and thickness are given as well as the parameters relating to the intrusion, such as size, 
rock type, intrusion type, and type of contact. 
 
Author Coal Rank Coal Age Coal 
Thickness 
Size of 
Intrusion 
Intrusion Rock 
Type 
Intrusion 
Type 
Contact Type 
Merritt (1990) Bituminous Palaeocene Several Several Felsic to mafic Dykes and 
sills 
Several 
Goodarzi and 
Cameron 
(1990) 
Not stated Cretaceous Not stated 2.4 m wide Alkali basalt Dyke Almost 
perpendicular 
to bedding 
Podwysocki 
and Dutcher 
(1971) 
Not stated Upper 
Cretaceous 
1.8 m Up to 1.2 m 
thick 
Altered mafic, 
phenocrysts of 
plagioclase, 
olivine, 2º 
calcite, 
groundmass of 
pyrite, hematite 
Sill Elliptical 
bodies of 
igneous 
material 
invade coal 
Bostick and 
Collins (1987) 
Bituminous Cretaceous 1.5 m 1.5 m wide Felsic porphyry Dyke At 60° to 
seam 
Finkelman et 
al. (1998) 
Bituminous Cretaceous 1.5 m 1.5 m wide Felsic porphyry Dyke At 60° to 
seam 
Thorpe et al. 
(1998) 
Bituminous Cretaceous 1.5 m 1.5 m wide Felsic porphyry Dyke At 60° to 
seam 
Meyers and 
Simoneit 
(1999) 
Not stated Upper 
Cretaceous 
3 m 1.5 to 2 m 
thick 
Not stated Sill Splits coal 
seam 
Taylor (1961) Not stated Not stated Not stated Not stated Not stated Not stated Not stated 
Hamilton 
(1968) 
Bituminous Permian Several Several Several  mafic Dykes and 
sills 
Several 
Ward et al. 
(1989) 
Bituminous Permian 3 m 3.25 m 
wide 
Analcime 
dolerite 
Dyke Not stated 
Watkins 
(1996) 
Bituminous Permian Several Several Dolerite and 
andesitic basalt 
Sills Sills replace, 
split, underlie, 
overlie some 
seams 
Gurba and 
Ward (2000) 
Bituminous Not stated Not stated Not stated Not stated Not stated Not stated 
Othman and 
Ward (2002) 
Not stated Permian, 
Triassic, 
Jurassic 
Several Several Several Several Several 
Kisch (1966) Semi-
anthracite 
Upper 
Permian 
1.5 m 4.0 m thick Analcime 
basanite 
Sill Sill 
conformably 
underlies 
seam 
Kisch and 
Taylor (1966) 
Bituminous Lower 
Permian 
Not stated Not stated Highly altered 
with feldspar, 
carbonate and 
clay 
Dyke or sill 
with 
discordant 
apophyses 
Irregular and 
discordant to 
subparallel 
Brown and 
Taylor (1961) 
Not stated Permian Not stated Not stated Dolerite Sill Not stated 
Querol et al. 
(1997) 
Bituminous Lower 
Cretaceous 
Several Several Diabase 
(dolerite) 
Dykes and 
sills 
Several 
Ren et al. 
(1999) 
Several Several Several Several Several Several Several 
Ghosh (1967) Not stated Permian Several Several Mica peridotite Dykes and 
sills 
Several 
Jones and 
Creaney 
(1977) 
Bituminous Carboniferous Several Several Tholeiite Sills and 
dyke 
2 splits of sill 
have intruded 
into seams 
Varga and 
Horváth 
(1986) 
Bituminous Not stated Not stated Not stated Diabase 
(dolerite) 
Veins and 
apophyses 
Irregular and 
discordant 
Kwiencińska 
et al. (1992) 
Not stated Upper 
Carboniferous 
Several Several Not stated Sills, dykes 
and pipes 
Several 
Karayigit and 
Whateley 
(1997) 
Sub-
bituminous  
Middle 
Miocene 
Not stated Not stated Olivine basalt Not stated Diffuse and 
irregular 
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3.1.3.2.1 Vitrinite Reflectance 
Vitrinite reflectance increases with increasing thermal alteration and this parameter can 
be used to determine the extent of alteration in coal. The following section reviews the 
findings of various researchers based on this method. 
 
Bostick and Collins (1987) reported that vitrinite reflectance increased from 1.15% Ro 
at several metres from the dyke to 5% Ro near the contact in their study. Othman and 
Ward (2002) reported that igneous intrusions have produced local intervals of 
anomalously high vitrinite reflectance in different parts of the GunnedahBowen Basin 
sequence. They reported a vitrinite reflectance value of 5.51% in one thermally altered 
coal sample. Kisch (1966) studied the effect of a sill on a semi-anthracite seam and 
found that the intrusion had altered the semi-anthracite to anthracite, meta-anthracite 
and vesicular natural coke. The volatile content showed a marked decrease and vitrinite 
reflectance increased towards the contact. Brown and Taylor (1961) studied coal 
intruded by sills and reported that the maximum reflectance of all thermally altered coal 
samples was high, between 4.3 and 12.9%.  
 
Ghosh (1967) studied the thermal alteration effects at 10 locations in India and found 
that 0.30-2.74 m of coal on either side of the contact was affected by the intrusion. The 
width of natural coke was greater next to larger intrusions. The unaltered coal was well 
banded with alternate bright (vitrain) and dull (durain) bands, but the banding was 
destroyed in the thermally metamorphosed coke. The coke was hard, dull and compact 
and commonly had distinct polygonal prismatic joints perpendicular to the contact. 
Ghosh stated that the reflectance, ash and carbon content increased but volatile and 
hydrogen content decreased as the intrusion was approached. 
 
Jones and Creaney (1977) described the alteration of a coal seam by a dyke. They found 
that vitrinite reflectance increased slowly as the intrusion was approached and very 
rapidly at 6 cm and closer. These authors recorded the following changes in the coal as 
the intrusion was approached: 
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(i) liptinites are vesiculated and vitrinite occurs in small slits; 
(ii) coal is plastic and vitrinite is vesiculated; 
(iii) coal is brecciated, bedding less obvious and liptinite absent; 
(iv) semi-coke with mosaic texture develops; and 
(v) granular coke shows secondary vesiculation, coal increases in hardness, only 
occasional inertinite fragments are present. 
This basic pattern had been observed previously in other coals but the width and degree 
of development of each zone was variable.  
 
Varga and Horváth (1986) studied the thermal alteration of coal by several intrusions. 
Each intrusion caused a different amount of coking with one 30-40 m thick dyke 
affecting a zone 10-20 m wide. The natural cokes were fine grained and lacked both 
vesicles and polygonal prismatic joints, but occasionally a mosaic structure could be 
observed. Approaching the intrusion, the density, carbon content, vitrinite reflectance 
and amount of carbonate minerals increased and volatile content and hydrogen content 
decreased. 
 
3.1.3.2.2 Mineralogy 
Thermal alteration changes the mineralogy of coal with the addition of some minerals 
and the removal of others. Mineralogy has been used extensively to determine the extent 
of thermal alteration, often in conjunction with vitrinite reflectance, and the following 
section provides a review of previous research. 
 
Watkins (1996) studied the effect of igneous intrusions on coal seams and reported that 
the telovitrinite reflectance increased from 0.64-0.68% in unaffected coals to 5.26-
6.34% in thermally altered coal. Table 3.4 summarises the identity of the thermal 
alteration minerals and their sources. Watkins interprets that each of these minerals 
formed as a result of thermal alteration, indicating that none of the minerals are detrital 
or authigenic in origin, even quartz, feldspar, and clays, which commonly occur as 
detrital minerals. 
 
Table 3.4. The minerals identified by Watkins (1996) in thermally altered coal and interpreted 
sources. The mode of occurrence of the mineral is also given.
Mineral O ccurrence Interpretation
Q uartz
Cell infillings, ve ins and lenticular 
bodies Intrusion has high silica content
Feldspar Sm all grains Intrusion has 25%  plagioclase
Titanian augite A lso present in intrusion
C arbonates Vein and fracture infillings Form ed during late stage o f d iagenesis
lllite-m ontm orillon ite-
chlorite A lso present in intrusion A lteration o f ferrom agnesian m inerals
Kisch and Taylor (1966) studied the alteration caused by an intrusion on a coal seam. 
They reported that the coal was altered in a zone 0.76 m wide below the intrusion. Near 
the contact, the coal was altered to a natural coke with a fine mosaic structure and 
inertinite-rich bands. The highest vitrinite reflectance reported by Kisch and Taylor was 
8.9 to 10.8%. Most of the altered coal was a highly vesicular, natural coke but some 
sections were comparatively bright, contained layers and lacked coarse vesicles. The 
coke contained some lenses and streaks that were very rich in pyrite and transgressive 
veins of pyrite. The mineralogy of the coke was dominated by pyrite, while ankerite and 
siderite occurred as nodules, calcite occurred as vesicle-fillings and veins, and some 
dolomite occurred as lamellae and rhombs.
Kwiencinska et al. (1992) found that complete coking only occurred in the immediate 
contact zone. They reported that pyrite, illite and kaolinite were found in the coked 
region of the coal. Kwiencinska et al. used Scanning Electron Microscopy to identify 
four zones of coal alteration comprising:
(i) compact coal, slightly altered, lacks pores;
(ii) heterogeneous porosity and pumice-like appearance;
(iii) partly coked coal, matrix of unsoftened and partly softened coal with 
devolatilisation holes; and
(iv) entirely coked coal, softening has formed wide, irregularly shaped pores.
The findings of the authors presented in this section are compared to the findings of the 
current study. The thermal alteration minerals encountered in the three studies are 
similar, though some differences exist, indicating that variations do occur depending on 
the specific circumstances.
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3.1.3.2.3 Geochemistry 
The chemistry of coal changes with thermal alteration due to the addition of some 
elements and the removal of others. Many researchers have examined the chemistry of 
coal and its constituents to determine the extent of thermal alteration. This section 
reviews each paper in preparation for interpretation of the results from the current study 
in later sections. Many of the studies reviewed in this section use vitrinite reflectance, 
mineralogy, and geochemistry. The location of each study is given in Table 3.2. The 
scope of most studies is limited by the number of samples and/or elements analysed; for 
example, some studies focus on major elements only and do not consider trace 
elements. It is difficult to make wide reaching interpretations on the behaviour of 
thermally altered coal based on so few elements. 
 
Merritt (1990) studied the effect of many igneous dykes and sills on major oxides in 
thermally altered coal. The coal adjacent to the intrusion has a polygonal prismatic 
structure, with the fractured prisms oriented perpendicular to the plane of intrusion. The 
vitrinite group increased in abundance and the liptinite and inertinite group decreased 
approaching the intrusion. The mean maximum reflectance values ranged from 0.54% 
for unaltered coal to 4.75% for altered coal. 
 
Merritt (1990) reported that the inorganic content of the coal is dominated by Si, Al, Fe, 
Ca and P. The SiO2 and K2O contents decreased approaching the intrusion, whereas the 
Fe2O3, CaO, P2O5, MgO, SO3, BaO, SrO and Mn3O4 content increased. The major 
mineral components of the coals were quartz, clays, carbonates, sulphides, and 
sulphates with minor feldspars. The thermal alteration was identified as the source of 
the carbonates and possibly sulphides and sulphates, but the quartz and clay minerals 
were considered of primary origin. 
 
Goodarzi and Cameron (1990) studied the effect of a dyke on a coal seam by analysing 
vitrinite reflectance and the concentration of 36 elements. They subdivided their nine 
samples into four groups based on the amount of thermal alteration (Table 3.5) and 
defined a 90 cm wide alteration halo. Almost all elements other than As, H, Hf, Cl, Br, 
N, O and Zn were concentrated in the coke due to mobilisation of intrusive elements 
and pyrolysis. The rare earth elements (REE) increased in concentration as the intrusion 
was approached. The coal has added C and some Br, Cl, H, N and O to the dyke. 
Table 3.5. Zones of alteration in the coal studied by Goodarzi and Cameron (1990). The vitrinite 
reflectance increases approaching the intrusion and the coal becomes coarse-grained, vesicular coke. The 
alteration halo is 90 cm wide.
Zone Distance from dyke Features
Unaltered coal 120 cm reflectance 0.78-0.80%, normal vitrinite
Altered coal 90 cm small vesiculation, slight increase in reflectance (0.82%)
Brecciated coke 65 to 37 cm completely altered, angular fragments, granular groundmass, 
reflectance 5.0-6.0%, strong anisotropy
Coherent coke 25 cm and closer completely carbonised coke, coarse-grained mosaic, 
abundant pyrolytic carbons, granular anisotropy, 
pseudovitrinite, devolatilised vacuoles
Goodarzi and Cameron (1990) discovered three patterns of elemental distribution in the 
coke:
(i) elements (Cl, H, O and N) that decrease in concentration from the edge of 
alteration to the contact due to maceral decomposition;
(ii) elements (Ba, Cr, K, Sc, V and Zn) that increase near the edge of alteration 
and decrease erratically towards the contact due to dehydration of clay 
minerals and mobilisation and migration of resulting fluids; and
(iii) elements (As, Fe, Mo, S and Sb) that are unaffected until a marked increase 
right near the contact where sulphide minerals such as pyrite and 
arsenopyrite are found.
The major and trace elements in the current study are also divided based on affinities to 
minerals.
Podwysocki and Dutcher (1971) studied the thermal alteration of coal by sills. They 
reported that a 10.2 cm thick layer of very tough and porous polygonal prismatic natural 
coke, with a maximum reflectance of 8.5%, occurred above the sill. The coke and 
igneous material were intimately mixed at the contact. Vesicles up to 400 pm in 
diameter occupied 50% of the volume of the coke. Above the polygonal prismatic coke 
was a layer of non-jointed coke that contained original bedding and overlying this was 
non-coked coal. In total, a 1.22 m wide zone of the coal had been metamorphosed by 
the intrusion. Podwysocki and Dutcher found that the volatile content of the coke 
decreased as the intrusion was approached. The dominant minerals in the coke were 
quartz, kaolinite and calcite. The hydrogen content of the coal decreased as thermal 
roetamorphism increased.
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Finkelman et al. (1998) studied the alteration of 11 coal samples by a dyke. They 
reported that the coke nearest the dyke had elevated levels of Ca, Mg, Fe, Mn, Sr and 
CO2 and the mineralogy was dominated by carbonates (dolomite, calcite, ankerite, and 
siderite), which constituted 90% of the mineral content by filling the coke vesicles. 
They interpreted that the CO2 that produced the carbonates was sourced from the 
intrusion and the metamorphosed coal. With increasing distance from the dyke, the 
identity of the dominant carbonate changed from dolomite, to calcite and finally 
ankerite with minor siderite.  
 
Finkelman et al. (1998) found that at the junction between heat-affected coal and porous 
low-volatile coke the mineralogy was dominated by silicates (40% quartz, 8% feldspar 
and 25% illite + kaolinite), partly due to residual concentration. They state that 
chemically active fluids would have first encountered clays and organics in this region 
and therefore, many of the enriched elements may have been adsorbed on clays and/or 
organic components.  
 
The coal nearest the dyke, especially coke, was enriched in 60 elements. Some 
elements, such as W, Co, Ni, Cr and P, were enriched by 10 to 400 times compared to 
levels in the unaltered coal. The levels of the volatile elements F, Cl, Hg and Se were 
not lowest at the contact as expected and were probably deposited from solutions 
associated with the cooling magma as the heat dissipated and the temperature dropped 
to ambient levels (Finkelman et al., 1998). Chlorine, Na and B had relatively uniform 
concentrations, regardless of distance from the dyke, presumably reflecting 
equilibration with groundwater over time. 
 
The coke and coal closest to the dyke contained 10 times more S in the form of sulphide 
than coal farther from the dyke. Finkelman et al. (1998) attribute elevated levels of Ag, 
Hg, Cu, Zn and Pb to the precipitation of sulphides in the porous coke or interaction of 
the original coal sulphide minerals (e.g., FeS) with fluids from the dyke. A sample 
31 cm from the dyke contained the highest levels of 45 of the elements analysed. 
Finkelman et al. found that Nb, Th, Ta and Sn occur in the coal but are depleted in the 
coke; these elements were probably removed from the coke by the hot alkali fluids. The 
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coke was enriched in Cr, Ni, W and Co in the form of carbonyl compounds, which may 
have formed due to reactions with the coal during cooling. 
 
The coal at 51 cm from the dyke is enriched in most elements, indicating that 
mobilisation of elements from the dyke or from the coked zone extended to this 
distance. The effect of the element mobilisation can be seen as far as 75 cm from the 
dyke for many elements. 
 
Ward et al. (1989) studied the effect of a dyke on the major element composition of 
nine coal samples. They reported the following zones of alteration approaching the 
intrusion: 
(i) unaffected coal;  
(ii) friable, deformed, heat-affected coal that lacks the porosity and other signs 
of coking;  
(iii) banded cinder cut by carbonate veins, with remnants of original lithotypes; 
and 
(iv) dull, massive cinder with carbonate veins. 
 
As the intrusion was approached the volatile and total hydrogen content of the coal 
decreased but the ash, total carbon and vitrinite reflectance increased. In the unaffected 
coal and the outer part of the heat-affected coal the mineral assemblage was dominated 
by quartz, kaolinite and a montmorillonitic mixed-layer clay mineral. Closer to the 
intrusion, the nature of the mineral matter was distinctly different and dominated by 
carbonates. Table 3.6 shows the relative abundances of different elements in the 
unaltered coal, coke, altered dyke and unaltered dyke material and an interpretation of 
the differences in abundance. Ward et al. (1989) stated that changes in vitrinite 
reflectance and coal chemistry were detected in the outer fringes of the metamorphic 
aureole but mineralogical changes were limited to the area where temperatures were 
sufficient for the development of semi-coke. In the current study, the extent of the 
thermal alteration halo is determined using vitrinite reflectance, mineralogy, and major 
and trace element chemistry. 
 
Table 3.6. Results from Ward et al. (1989) showing the relative abundance of different elements in 
the unaltered coal, coke, altered dyke and unaltered dyke material and an interpretation of the 
differences in abundance. Approaching the intrusion, the Ca and Mg content of the coal increases 
dramatically due to contribution from the intrusion and the Na, K, Mn, and S contents also increase due to 
intrusion related processes.
Elem ent U naltered Coke A ltered Unaltered Interpretation
coal dyke dyke
Si High M ed-High
Al M ed-Low Med
Na 2% 3% 5%
T i & P Low High Low  m obility
K 1% 2% 1% 2% Fixed in illite in coke, from  altered dyke
Ca V ery low High Low From dyke during fe ldspar a lteration
Mg V ery low High Low Med From  dyke chill margin
Fe Low Med Volatiles and la ter so lu tions leached out 
Mg and Fe
Mn Low Med Med Low Precipitated as carbonate
S <0.1% 0.4-0.8% <0.1% Transform ed during alteration to less 
volatile  form  in coke
Querol et al. (1997) used 11 samples to study the effect of igneous intrusions on coal 
seams. Metamorphic aureoles in the thermally altered coals ranged from a few 
centimetres to 1.5 m in width. The coke contained hexagonal prisms and was enriched 
in epigenetic sulphides. The major mineral components of the coal were quartz, clays 
(kaolinite), microcline, plagioclase and Fe-Mn carbonates (siderite, rhodochrosite), 
calcite and kutnhorite (CaMgMnC03). The mineral content of the coal was higher 
around the igneous aureole, mainly due to the epigenetic crystallisation of carbonates 
and sulphides in fractures and vesicles. Querol et al. (1997) stated that the 
mineralisation was produced from high Mn, Fe, C02-C0 and H2S solutions from the 
intrusion and from hydrothermal alteration of the coal. The maximum sulphide 
mineralisation was in cleats as far as 2 m from the intrusive contact. The S content of 
the altered coal was double that of the unaltered coal. Compared to the worldwide 
average coal composition reported in Swaine (1990), the coal was enriched in Mn, Mo 
and Th but depleted in chalcophile elements (Cu, Ga, Ge, Sb and Pb; Goldschmidt, 
1954).
Querol et al. (1997) correlated each trace element to selected major elements to 
determine the trace element affinities. The selected major elements were Al 
(representing aluminosilicates), S (representing sulphides), Fe (representing carbonates) 
and C (representing organic matter). Querol et al. (1997) suggested that the high 
temperatures associated with the intrusion decomposed the carbonate and phosphate
28
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minerals, devolatilised the organic matter, and enriched the aluminosilicates. The 
elements associated with the carbonates, phosphates and organic matter were mobilised 
and redistributed in the altered coal. The enrichment of trace elements in the coke was 
due to mobilisation and redistribution rather than being derived from the intrusion. 
However, the intrusion must have supplied Mn into the coal because it is highly 
enriched in the altered coal. 
 
Karayigit and Whateley (1997) studied the effect of an intrusion on a coal seam. They 
identified three zones in the affected coal seam  unaltered coal, transition zone and 
natural coke. The moisture, volatile, hydrogen and oxygen contents decreased rapidly as 
the intrusion was approached, whereas the calorific value, carbon content and mean 
random reflectance value increased.  
 
The dominant minerals in the heat-affected coal comprise smectite, dolomite and minor 
quartz, plagioclase, pyrite, gypsum, calcite, illite and kaolinite. The pores and vesicles 
in the natural coke were full of secondary carbonate, mainly dolomite. Karayigit and 
Whateley (1997) reported that the Mg content increased slightly as the intrusion was 
approached and that the Mg was probably from alteration of mafic minerals in the 
basalt. 
 
3.1.3.2.4 Summary of Results 
The summary of results presented in Table 3.7 is based on the findings of the published 
studies in Table 3.3 and Francis (1961). Note that most elements do not show a pattern 
of smoothly decreasing or increasing content towards the contact with the intrusion; 
many behave erratically in parts but a general trend can be determined and this trend is 
reported. Some results are contradictory; for example, some authors found that the O, 
Sb, Cu and Pb contents increase towards the intrusion, and others have noted that the Cl, 
K, Br, Se, Zn and Th contents decrease towards the intrusion. Finkelman et al. (1998) 
found that Cl, Na and B do not change with distance from the intrusion. Goodarzi and 
Cameron (1990) found that Ba, Cr, K, Sc, V and Zn increase towards the intrusion then 
decrease erratically when close to the contact. 
 
Table 3.7. A summary of the findings of the authors listed in Table 3.3 and Francis (1961). Each 
component is listed according to whether it increases or decreases towards the intrusion. The majority of 
parameters increase towards the intrusion, the coal becomes more porous, harder, has more joints, and has 
elevated levels of most minerals and elements.
Increase tow ards intrusion D ecrease tow ards intrusion
Vitrin ite re flectance 
Calorific value 
Rank 
Pore size 
Hardness 
N um ber o f jo in ts
C arbonates, su lphides, sulphates
C, Na, Mg, P, S, Cl, K, Ca, Cr, Mn, Fe, Co, Ni, Zn,
As, Se, Br, Sr, Mo, Aq, Ba, W , Hg, Th, REE
H, N, 0 ,  Si, Cu, Ga, Ge, As, Nb, Sn, Sb, Hf, Ta, Pb
a ^ s
M oisture 
Volatile content
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3.2 METHODS 
 
3.2.1 INTRODUCTION 
 
Several igneous intrusions intersect the coal measures at Dartbrook coal mine. The aim 
of this section is to use vitrinite reflectance, mineralogy and geochemistry of coal 
samples to determine the extent of thermal alteration of the coal, in a manner similar to 
the studies outlined in the previous section. To do this, samples of coal were collected in 
transects starting close to the intrusions and extending away from the intrusions, well 
beyond the assumed extent of any thermal alteration halo. Samples were also taken from 
the intrusive rock. The mineralogy and geochemistry were determined for all samples of 
the coal, enclosing strata and intrusions.  
 
This section contains a description of the methods used to collect, pre-treat, and analyse 
the rock samples. Samples were taken from a drill core and underground in the Hunter 
Tunnel. The first section details the rock collection procedures, followed by a 
description of the technique used for sample preparation and analysis.  
 
3.2.2 COLLECTION 
 
A total of 64 rock samples were collected from the mine-lease along two different 
transects, as shown in Figure 3.1. Both transects intersect large intrusions; the drill core 
was taken horizontally and intersects the Roman Road dyke (almost orthogonally) and 
the Hunter Tunnel intersects the Hydra dyke. In each case, samples of the intrusion and 
coal were collected at regular distances approaching the intrusion to determine the 
extent of alteration of the coal. The current study utilised a similar approach to that 
adopted by Querol et al. (1997), who collected samples in China following a cross-
section from the intrusion contact through the coke aureole to unaffected coal. 
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3.2.2.1 Drill Core 
The drill core is from a horizontal, 50 mm diameter drill-hole (G102/26CT) that is over 
390 m long (Figure 3.2) in the Wynn seam (Figure 2.3). The core intersects the dyke 
over a distance of about 30 m, starting at about 360 m and finishing at about 390 m 
from the start of the hole. A total of 40 samples, comprising 12 dyke and 28 coal 
samples, ranging from unaltered coal to natural coke, were collected from the drill core. 
 
The Roman Road dyke has many offshoots that extend into the coal more than 13 m 
from the main part of the intrusion. Sampling began 16 m from the first occurrence of 
the dyke and the sampling interval was decreased towards the centre of the dyke to 
allow greater resolution as the effects of thermal alteration change. Samples were taken 
at more closely-spaced intervals approaching the dyke and between sections of the 
dyke. In this drill core many white veins containing carbonates and clays cut through 
the coal and dyke material. The veins infill fractures in the rocks and cleats in the coal. 
The intensity of veining increases with proximity to the intrusion. Several coal samples 
were taken from the contact with the intrusion. Although care was taken to collect only 
samples containing one rock type to avoid heterogenous samples and give a true 
representation of the mineralogy and geochemistry of each rock type, several samples 
contain vein material that was unavoidable. 
 
3.2.2.2 Hunter Tunnel 
The Hunter Tunnel provides secondary access to the mine and acts as a coal haulage, 
transport, and ventilation roadway. The Hunter Tunnel intersects the Hydra dyke in the 
Wynn seam; the dyke is complex and has many offshoots into the coal (Figure 3.3).  
 
A total of 24 samples comprising three tuff, five dyke and 16 coal samples ranging from 
unaltered coal to natural coke were collected from a section extending from more than 
100 m west to 40 m to the east of the centre of the intrusion. Samples were taken at 
increasingly closer intervals approaching the dyke, from its many off-shoots, the coal 
between them, and the centre of the dyke. The samples were taken using geological 
hammers and placed into separate labelled, sealed sample bags. If possible, the outer 
layer of the rock wall was removed and a fresh sample was taken. At some locations 
more than one sample were taken, a few centimetres apart, to allow a comparison of the 
results. For example, Figure 3.4 shows the concentration of Fe, Al and Mg for two 
samples that were both taken 10 cm apart from an offshoot of the dyke and reveals that 
very little variation exists. 
Figure 3.2. Photograph of drill core prior to sampling. The drill core is from G102/26CT. The 
pale coloured material is dyke and the black material is coal; note the fingered nature of the dyke. 
The photo depicts the final 4 of the 7 boxes collected from the hole. Sampling began in the coal in 
box 3 (not shown) and finished in box 7.
34
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Figure 3.4. Comparison of the major element chemistry of two samples from 2836 m along the 
Hunter Tunnel. Note the similarity between the two samples, indicating very little variation as can be 
expected as the samples were collected 10 cm apart. 
 
The original intention was to collect samples of coal at pre-determined distances from 
the dyke and the dyke itself, from the walls of the Hunter Tunnel. However, several 
difficulties were encountered, these include: 
(i) the tunnel walls are coated with 2 cm thick rock dust, making identification 
of the underlying rock type very difficult; 
(ii) both the coal and dyke are very hard, making sampling very difficult. 
 
3.2.3 SAMPLE PREPARATION AND ANALYSIS 
 
In studies of thermal alteration of coal by igneous intrusions, it is common to determine 
the vitrinite reflectance, mineralogy and chemistry of the intrusion, coal, and altered 
coal (see, for example, Karayigit and Whateley, 1997; Querol et al., 1997). In the 
current study the mean maximum vitrinite reflectance in oil, Ro max, was determined on 
seven coal samples from the drill core. The mineralogy of 61 coal and dyke samples 
was determined by routine petrographic analysis together with X-ray powder diffraction 
(XRD) in the School of Geosciences at the University of Wollongong. The major and 
trace element chemistry (57 elements) of the samples were analysed by X-ray 
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fluorescence (XRF) at Macquarie University and instrumental neutron activation 
analysis (INAA) at the Australian Nuclear Science and Technology Organisation 
(ANSTO). The methods used for sample preparation and analysis are given in Appendix 
A.1 and Table A.1.  
 
The rock chemistry determined by XRF and INAA were combined to create a complete 
data set of 57 elements. The two techniques rely on different elemental properties to 
determine the composition, as a result each technique works well for some elements but 
not for others. Any elements that were only analysed reliably by INAA are taken from 
that data set and vice versa. For the elements that were reliably analysed by both 
techniques, giving similar results, the two data sets were averaged, with a few 
exceptions. The detection limit differs for each technique and each element. For 
elements with low concentrations near the detection limit, the results from the technique 
with the lower detection limit were used when averaging. Any values that were below 
the detection limit (dl) were given the value of dl/107, as recommended by Bruce 
Chappell (pers. comm. 2001) for principal component analysis (because a zero or a 
blank cannot be used in multivariate statistical analyses) and left blank for all other 
analyses. See Appendix Table A.2 for a list of the elements analysed and the technique 
used to gain the best result.  
 
3.2.4. DATA ANALYSIS 
 
Principal Component Analysis (PCA) and correlations were performed on the 
geochemical data. PCA is a powerful multivariate statistical technique for identifying 
factors controlling variability in geochemical data (Stetzenbach et al., 1999). The 
statistical significance was determined at the 95% confidence level using a two-tailed 
student t-test. 
 
Chemical data for samples from the drill core and Hunter Tunnel were treated 
separately. In each case, the data were further sub-divided into dyke and coal samples to 
overcome skewing of the results due to the large difference in chemical composition 
between the subsets. Dyke samples do not show any variance in either type of statistical 
analysis. The coal samples, however, display definite differentiation in the PCA results 
and the elements were divided into groups based on the PCA, correlations, and 
compositional gradients with distance from the intrusions.  
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3.3 RESULTS 
 
The aim of this section is to describe the effect that the two igneous intrusions have had 
on the coal petrology, mineralogy and geochemistry at Dartbrook coal mine. The two 
cases, the drill core with the Roman Road dyke and the Hunter Tunnel with the Hydra 
dyke, are discussed separately. The vitrinite reflectance, mineralogical and geochemical 
results are discussed with respect to the literature and in terms of the processes that have 
caused the alteration of the coal. The vitrinite reflectance, mineralogy and concentration 
of most elements in the coal differ with proximity to the two intrusions. The zones of 
alteration in the coal are identified, as is the extent of the alteration halo.  
 
3.3.1 COAL PETROLOGY 
 
3.3.1.1 Vitrinite Reflectance 
The mean maximum vitrinite reflectance in oil, Ro max, was determined for seven 
samples from the drill core (Figure 3.5 displays the locations of the samples). The Ro 
max values are given in Table 3.8. The plot of Ro max versus distance along the core 
(Figure 3.6) shows an increase in vitrinite reflectance approaching the first finger of the 
dyke. The highest value occurs in the sample Core 20, which was collected between the 
first and second fingers of the dyke. The locations of the dyke fingers are marked on 
Figure 3.6 in orange. 
 
The vitrinite reflectance alone indicates that Core 5 and Core 8 are at background levels 
expected for unaltered coal in the seam. Core 11 is thermally altered indicating that the 
effect of the intrusion extended at least 4.58 m from the contact. Core 13 is more altered 
but still has a fairly low Ro max. Conversely Core 20 has a very high Ro max, indicating 
that this sample is extremely thermally altered to natural coke. This sample occurs 
between two fingers of the dyke and is very close to the widest finger (Figure 3.5). The 
high vitrinite reflectance in this sample indicates that it has encountered very high 
temperatures. The fact that the sample (Core 13) on the other side of the same dyke 
finger does not have a high reflectance indicates that the dyke may have been hotter 
along the inner margin and the second finger contributed to heating Core 20 to extreme 
temperatures. Core 30 occurs between the third and fourth dyke fingers and also has a 
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high reflectance, once again indicating a trapping and increase of heat, but the Ro max 
of this sample is less than that of Core 20, indicating lower temperatures. Following the 
peak in Core 20, the Ro max decreases so that Core 35, situated between the final two 
fingers, has a value less than that of Core 13 situated before the first finger. The low Ro 
max indicates that far lower temperatures occurred between the fourth and fifth fingers 
of the dyke and the temperature was more similar to that approaching the outer margin 
of the first finger.  
 
Table 3.8. Mean maximum vitrinite reflectance in oil, Ro max, of seven drill core samples. Vitrinite 
reflectance increases towards the first finger of the intrusion but the highest value occurs on the inner side 
of the first finger in Core 20.  
 
 Core 5 
(AG38) 
Core 8 
(AG36) 
Core 11 
(AG33) 
Core 13 
(AG34) 
Core 20 
(AG30) 
Core 30 
(AG25) 
Core 35 
(AG26) 
Ro max (%) 0.83 0.79 1.83 2.47 6.99 4.97 2.45 
 
3.3.1.2 Textures 
The texture of each sample was investigated at the same time as the vitrinite reflectance 
(Table 3.9). Samples Core 5 and Core 8 have all the characteristics of normal, unaltered 
coal. The two samples contain large layers of isotropic telovitrinite, a large amount of 
inertinite and some sporinite in pores within the inertinite. These two samples contain 
irregularly shaped pores that appear to have been elongated. These pores are interpreted 
as being relict from the peat stage with the elongation resulting from compaction during 
coalification.  
 
Sample Core 11 has a similar texture to Core 8 but the higher reflectance of the sample 
indicates that it has been thermally altered. The sample contains secondary carbonates 
in some of the pores, indicating that fluids have interacted with the coal. Primary pyrite 
is present in Core 11, indicating that high temperatures have not been achieved, 
otherwise the pyrite would have been destroyed. 
 
Sample Core 20 is completely coked; it no longer bears much resemblance to normal 
coal. Evidence for extreme thermal alteration includes: 
• the vitrinite in this sample is so anisotropic that it is very difficult to distinguish 
it from inertinite;  
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• the sample is very porous but unlike Core 5 and Core 8 the pores are uniform in 
shape indicating that they were formed by gas (Hutton, pers. comm. 2003);  
• the vesicular nature of the sample indicates that it has gone through a plastic 
stage and has become natural coke;  
• this sample is almost devoid of mineral matter and most of the pores are empty, 
indicating that primary minerals have been destroyed and secondary minerals 
have not formed. Core 20 also does not contain regular sets of fractures. The 
cause of the lack of mineral matter and fractures in Core 20 is discussed in the 
following section.  
Based on these observations, Core 20 is interpreted as being much more thermally 
altered than any of the other samples that were inspected.  
 
In stark contrast to Core 20, sample Core 30 has abundant carbonate mineralisation and 
fractures. Core 30 is less coked, less porous and the vitrinite is less anisotropic than 
Core 20, indicating that it has not undergone as much thermal alteration or as high 
temperatures as Core 20. Nevertheless, the primary minerals in Core 30 were altered by 
the thermal alteration that it experienced. Sample Core 30 contains large straight-sided 
carbonate grains with polygonal shapes. The straight sides indicate that the grains were 
fracture-bound at the time of precipitation. This interpretation is supported by the 
occurrence of abundant fractures in Core 30, which provide ideal pathways for 
mineralising fluids to flow through the altered coal. The inertinite in this sample 
contains some of the elongated pores noted in the less coked samples (such as Core 5). 
Several large carbonate grains in Core 30 contain coal fragments. Overall, the evidence 
suggests that Core 30 approached the plastic stage of deformation to become a natural 
coke but it did not undergo it; instead it is classified as a brecciated semi-coke. 
 
Sample Core 35 has similarities to Core 30 (Table 3.9) in that it also approached the 
plastic stage of deformation but Core 35 has more of the original coal texture, indicating 
that it is less coked than Core 30. Core 35 has less pores than Core 30 and the shape of 
the pores is different, being more like widened natural pores than voids created by gas. 
Straight sided carbonate grains also occur in Core 35, indicating that they are fracture-
bound. Many of the carbonate grains in Core 35 contain zonation indicating at least 
three phases of mineral development. Several large carbonate grains in Core 35 contain 
coal fragments, which were also found in Core 30. The occurrence of pyrite and siderite 
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in Core 35 indicates that the coal encountered the magma under reducing conditions 
(Thorpe et al., 1998). 
 
3.3.1.3 Discussion 
Several authors have reported the behaviour of vitrinite reflectance approaching igneous 
intrusions (Section 3.1.3.2.1). All researchers agree that vitrinite reflectance increases 
approaching intrusions. Some authors report an almost exponential increase in 
reflectance (e.g. Ghosh, 1967; Jones and Creaney, 1977). In the current study the Ro 
max does increase towards the intrusion but certainly not in an exponential manner. 
This may be in part a function of sampling given the limited number and irregular 
spacing of the samples taken. 
 
Very few studies report the behaviour of vitrinite reflectance in coal between fingers of 
dykes. As noted above, most studies report the reflectance approaching the intrusion. It 
is very interesting to note that the highest reflectance value occurs on the inner side of 
the first dyke finger. Due to the lack of reporting by other researchers it is impossible to 
tell if such a trend is normal.  
 
Core 20 is situated next to the first and widest dyke finger (Figure 3.5) but is more 
distant from the second finger. Fingers of dykes are sometimes used as conduits for 
subsequent injections of magma. In this case, the extreme thermal alteration of Core 20 
may indicate that the first finger was used repeatedly as a conduit for magma. The fact 
that the sample is much closer to the first finger than the second indicates that if either 
finger was used as a conduit, the first is the more likely. It is unlikely that the other dyke 
fingers were used in such a way, when it is considered that Core 30 and Core 35 are also 
situated between two dyke fingers yet they are less coked than Core 20. This is a 
hypothesis to explain the reflectance data, the dyke was not examined to determine the 
number of phases of intrusion. Another possibility is that hot fluids continually flowed 
through the fractures associated with the first dyke finger, essentially providing a 
second source of heating. 
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Sample Core 30 contains abundant fractures and mineral matter. This is interpreted to 
reflect a decrease in volume caused by devolatilisation of the coal, however, the volume 
of rock that it was supposed to occupy remained the same. To overcome the problem of 
a difference in volume the coal 
fractured, thus increasing the 
volume occupied by the coal 
(Figure 3.7). Finally minerals 
(particularly carbonates) 
precipitated from fluids migrating 
along fractures thus infilling the 
voids. The fractures formed in 
addition to the cleats already 
present in the coal that formed 
during coalification. 
 
Several large carbonate grains in 
Core 30 and Core 35 contain coal 
fragments, similar to what is 
found in a fault breccia. It is 
proposed that fragments broke off 
from the coal during fracturing. 
As the fluids percolated through 
the coal, the coal fragments were 
moved by the fluids and enclosed 
in the minerals during 
precipitation. It is common for 
brecciated coke (Core 30 in this 
case) to occur farther from an 
intrusion than the more proximal 
coherent coke (Core 20 in this 
case) (Hamilton, 1968; Ward et 
al., 1989; Goodarzi and Cameron, 
1990). 
 
 
 
 
 
  Unaltered coal occupies a 
volume in the rock 
 
 
 
  Devolatilisation 
 
 
 
  Thermally altered coal  
occupies less volume due to 
devolatilisation and cooling 
 
 
 
Fracturing 
 
 
By fracturing during cooling 
to relieve pressure, the coal 
occupies more of the original 
volume 
 
       
     Altered, fractured coal 
 
Percolating fluids 
 
 
 
Fluids percolate through the 
fractures and precipitate 
minerals, thus occupying the 
original volume 
 
 
 
Figure 3.7. Proposed mechanism for fracturing and
mineralisation of coal. The figure shows a series of
snapshots depicting a simplified version of the process by
which fractures form in thermally altered coal. 
 
 
Coal 
Void 
 
Altered 
coal 
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The thermally altered samples have increasing amounts of both fracturing and 
mineralisation approaching Core 20. The question that remains to be answered is  why 
does Core 20 lack fracturing and mineralisation? Core 20 has a very vesicular texture 
yet the framework between the pores is very resilient. The texture of this sample formed 
during the plastic stage of deformation that occurs with complete coking. It is suggested 
that once the coke cooled and solidified it did not fracture because it already occupied a 
large volume as a cohesive framework filled with pores. In the absence of fractures for 
fluids to travel along, mineralisation in Core 20 did not occur because the pores are not 
interconnected and the fluids could not access the pores to infill them with minerals. 
 
3.3.2 DYKE PETROGRAPHY 
 
This section gives the results of the petrographic analysis of the seven representative 
dyke samples and summarises the composition of the two dykes (Table 3.10). Five of 
the seven samples are from the drill core (Roman Road dyke): AG22 (377.38 m), AG21 
(379.65 m), AG10 (384.2 m), AG14 (386.05 m) and AG17 (390.9 m). The two samples 
from the Hunter Tunnel (Hydra dyke) are AG53 and AG70. The petrographic analysis 
confirmed that both dykes are basaltic, however there are some differences between the 
two dykes that are discussed in this section. 
 
3.3.2.1 Drill Core 
The position of all samples taken from the drill core are shown in Figure 3.8. The 
samples of the Roman Road dyke are equigranular, dominated by secondary carbonates 
and contain relict feldspar laths, together with accessory Fe-Ti oxides and apatite. These 
petrographic data indicate that the dyke is highly altered and was originally basaltic to 
andesitic in composition. Sample AG22 has some large relict, randomly-oriented albite 
laths, indicating no flow direction for the magma. Sample AG10 contains obvious 
crystals of relict feldspars, which are smaller than found in AG21 and AG22, indicating 
a faster rate of cooling in AG10. Sample AG17 is vesicular and contains infilled 
vesicles (amygdales) with several generations of carbonates. This sample contains the 
smallest relict feldspar laths indicating that it cooled the fastest.  
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3.3.2.2 Hunter Tunnel 
The Hydra dyke was originally basaltic in composition but is now highly altered with a 
relict porphyritic texture. Original phenocrysts of mainly pyroxene and lesser 
plagioclase are pseudomorphed by carbonates. The highly altered groundmass also 
contains primary accessory Fe-Ti oxides, relict feldspar and small carbonates. Sample 
AG70 contains vesicles, some of which are infilled with carbonates that grow inwards 
from the edge of the void, others contain chlorite, zeolite, and minor mica.  
 
3.3.2.3 Summary 
The petrographic results of the drill core samples from the Roman Road dyke indicate 
that the main section of the dyke was intruded first and cooled quickly, hence the fine-
grained texture of AG17. The intrusion heated the coal, so that when later fingers of the 
dyke were intruded they cooled more slowly, hence the coarse grained texture of AG22. 
The sample from the middle of the dyke also contains vesicles, while the other samples 
do not. The vesicles indicate either degassing of magma or interaction with water in the 
coal, which may have quickly cooled the magma. The porphyritic nature of the Hydra 
dyke indicates that the magma was partly crystallised at the time of intrusion. Only one 
of the Hydra dyke samples contains vesicles, despite the proximity of the two samples 
to one another. 
 
Carbonates dominate the mineral composition of both dykes. The mafic minerals have 
been pseudomorphed by small crystals of secondary minerals, predominantly 
carbonates, in both dykes. Calcium-feldspars (plagioclase) have altered to Na-feldspars 
(albite), providing the Ca for carbonates to precipitate. The carbonates have formed 
from the alteration of other minerals and filled most voids. Any quartz present in the 
dykes is secondary. The secondary mineralisation probably formed from the same 
percolating fluids that precipitated carbonates in the thermally altered coal (Section 
3.3.1.3). 
 
The two dykes have different textures and compositions. The Hydra dyke in the Hunter 
Tunnel has a relict porphyritic texture and was originally a pyroxene-rich basaltic dyke. 
The Roman Road dyke in the drill core has an equigranular texture and was originally 
basaltic to andesitic in composition. 
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3.3.3 MINERALOGY 
 
The mineralogy, as determined by XRD, differs between the altered and unaltered coal, 
as was expected. The petrography indicated differences in the composition of the two 
dykes (Roman Road and Hydra) and therefore the mineralogy in the two cases (drill 
core and Hunter Tunnel) is presented separately, followed by a comparison of the two 
cases. In each case the mineralogy was used to determine the extent of the alteration 
halo.  
 
The mineralogy of the 61 samples is dominated by dawsonite (NaAlCO3(OH)2), 
ankerite, quartz, albite, kaolinite, and mixed-layer clays (Table 3.11). Carbonates are 
major components of the mineralogy of the rock samples, dawsonite and ankerite are 
the first and second most dominant minerals occurring in 45 and 38 samples 
respectively. There are eight minor minerals and each of these occurs in six or less 
samples, shaded grey in Table 3.11.  
 
Until the 1970s, dawsonite had only been found in seven locations worldwide and was 
considered a rare mineral. It is widespread, however, in the Permo-Triassic rocks of the 
Bowen-Gunnedah-Sydney Basin system, in coal measures, other non-marine strata and 
marine sequences (Loughnan and See, 1967; Goldbery and Loughnan, 1970; Loughnan 
and Goldbery, 1972; Goldbery and Loughnan, 1977; Balfe and Carmichael, 1980; 
Tarabbia, 1994; Baker et al., 1995). 
 
3.3.3.1 Drill Core  
The mineralogy of the drill core samples varies with distance from the fingers of the 
Roman Road dyke (Figure 3.9), and is dominated by dawsonite, ankerite, quartz, albite, 
kaolinite, and mixed-layer clays (Table 3.11). Ankerite, albite, muscovite, siderite, and 
andalusite are restricted to altered coal, with the first three minerals only present in 
samples that are within 1.4 m of the intrusion. Therefore the position of the first three 
minerals has been used to indicate the extent of the alteration halo. 
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Table 3.11. A summary of the mineral composition of the entire 61 samples from the drill core and 
Hunter Tunnel. The number of samples that each mineral occurs in is listed. The drill core has 28 coal 
and 12 dyke samples, the Hunter Tunnel has 16 coal and five dyke samples. The minerals that occur in six 
or less samples are shaded grey and are considered to be minor minerals. 
 
  Drill Core  Hunter Tunnel  
Mineral Coal Dyke Coal Dyke Total 
Dawsonite 25 8 10 2 45 
Ankerite 13 12 8 5 38 
Siderite - 7 1 5 13 
Calcite - - 6 - 6 
Quartz 17 - 16 - 33 
Albite 7 12 3 3 25 
Orthoclase - - - 1 1 
Kaolinite 13 8 10 - 31 
Mixed-layer Clay 13 3 4 1 21 
Muscovite 4 1 1 - 6 
Analcime 8 - 3 4 15 
Andalusite - 2 - 4 6 
Anatase - - - 2 2 
Titanite - - - 2 2 
Hematite - - - 1 1 
Pyrite 1 - 1 - 2 
 
3.3.3.2 Hunter Tunnel 
The mineralogy of the tunnel samples was plotted against distance along the Hunter 
Tunnel (Figure 3.10). The altered coal contains some minerals that do not occur in the 
unaltered coal, such as ankerite, siderite, muscovite, analcime, andalusite, titanite 
(CaTiSiO5), and pyrite. The first appearance of ankerite (13 m from the intrusion/coal 
contact) is taken to indicate the extent of the alteration halo.  
  
3.3.3.3 Discussion 
The mineralogy of the very altered coal that occurs between the fingers of the two dykes 
is very similar to that of the intrusive material. This indicates extensive interaction 
between the coal and the intrusion. As the following discussion outlines, the minerals 
formed through three mechanisms. Some minerals occur in the altered coal due to 
interaction with the intrusion, while others occur in the intrusion due to interaction with 
the coal. Some other minerals occur in the unaltered coal, altered coal and the intrusions 
and these minerals are due to epigenetic precipitation from fluids after thermal 
alteration. This section summarises the findings of previous authors then describes the 
formation of each mineral encountered in the core and the tunnel. 
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The mineralogy of thermally altered coal has been studied by many authors (listed in 
Table 3.2, section 3.1.3.2 summarises the findings of each author). Some authors 
divided the mineralogy into major and minor components of the altered coal; these are 
listed in Table 3.12. Most of these studies reported the presence of carbonates, clay 
minerals, quartz and several reported sulphides, in particular pyrite. In all but one study, 
carbonates are among the major minerals in the altered coal near the contact. In general, 
the findings from the current study, which recognises carbonates, quartz and clays as the 
dominant minerals, are similar to those reported by Kisch and Taylor (1966), 
Podwysocki and Dutcher (1971), Ward et al. (1989), Merritt (1990), Kwiencińska et al. 
(1992), Watkins (1996), Karayigit and Whateley (1997), Querol et al. (1997) and 
Finkelman et al. (1998). 
 
Table 3.12. The major and minor minerals identified near the intrusion/coal contact in altered coals 
by other authors. Most authors encountered carbonates as major minerals and many report pyrite. 
 
Author Region Major Minerals Minor Minerals 
Finkelman et al. (1998) Colorado, U.S.A. Dolomite, calcite, 
ankerite, siderite 
Quartz, feldspar, illite, 
kaolinite 
Goodarzi and Cameron 
(1990) 
British Columbia, 
Canada 
Pyrite, arsenopyrite Not stated 
Karayigit and Whateley 
(1997) 
Soma, Turkey Dolomite, smectite Quartz, gypsum, calcite, 
illite, kaolinite, 
plagioclase, pyrite 
Kisch and Taylor (1966) Bowen Basin, Australia Calcite, dolomite, pyrite Ankerite, siderite 
Kwiencińska et al. 
(1992) 
Wałbrzych Area, Poland Pyrite, illite, kaolinite Not stated 
Merritt (1990) Matanuska Valley, 
Alaska 
Carbonates, sulphates, 
sulphides, clay minerals, 
quartz  
Feldspars 
Podwysocki and 
Dutcher (1971) 
Colorado, U.S.A. Calcite, quartz, kaolinite Pyrite, plagioclase, 
chlorite 
Querol et al. (1997) Liaoning Province, 
China 
Siderite, rhodochrosite, 
calcite, kutnhorite, 
quartz, kaolinite, 
microcline, plagioclase 
Pyrite, illite, clinochlore, 
gypsum 
Ward et al. (1989) Newcastle, Australia Carbonates Quartz, kaolinite, mixed-
layer clay 
Watkins (1996) Hunter Valley, Australia Carbonates, quartz, 
feldspar, illite, chlorite, 
montmorillonite 
Titanian augite 
 
The formation of the minerals, particularly the carbonates at Dartbrook is discussed in 
the following paragraphs. At Dartbrook four types of carbonates were identified in the 
unaltered and altered coal and the dykes. Dawsonite occurs throughout the unaltered 
coal, altered coal and the dyke, in both the drill core and the Hunter Tunnel (Figures 3.9 
and 3.10). The widespread occurrence of dawsonite, coupled with its presence in the 
unaltered coal and the dyke, indicates that it precipitated epigenetically from fluids at a 
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late stage, after the thermal metamorphism and beyond the alteration halo. The source 
of the Na, Al or CO3 that make up dawsonite may well have been the intrusions at 
Dartbrook, dissolved by groundwater and precipitated along the flow-path. In chapter 
four, the δ13C and δ18O composition of 26 mono-mineralic dawsonite samples from a 
wide areal extent are analysed to test for an igneous influence.  
 
Calcite is one of the minor minerals encountered during the current study and it has 
been identified only from the Hunter Tunnel, in which it occurs throughout the 
unaltered coal, altered coal and dyke. Like the dawsonite, calcite is interpreted to have 
precipitated epigenetically from fluids at a late stage. The relative sparsity of calcite at 
Dartbrook is unusual because it commonly is a major component in environments of 
intruded coal seams (e.g. Kisch and Taylor, 1966; Podwysocki and Dutcher, 1971; 
Querol et al., 1997). The dominance of carbonates other than calcite at Dartbrook 
indicates that Na, Al, Fe, Mg and Mn were readily available during epigenetic and 
diagenetic mineralisation. In chapter four, the δ13C and δ18O composition of some 
calcite samples are also analysed to test for an igneous influence. 
 
At Dartbrook siderite and ankerite only occur in the altered coal and dykes. Siderite 
generally occurs as nodules that form authigenically during early diagenesis (Ward, 
1986) but the restricted occurrence in the Upper Wynn seam indicates that the siderite 
must be epigenetic in origin and due to thermal alteration. Siderite and ankerite 
formation was probably aided by the availability of CO2 that was derived both from the 
intrusion itself and from the metamorphosed coal. Merritt (1990), Querol et al. (1997) 
and Finkelman et al. (1998) proposed similar mechanisms for the formation of 
carbonates in their studies. Siderite is common at Dartbrook as primary, authigenic 
nodules in the inertinite-rich coal (Hutton, 1995a, b). The sampling technique used in 
the current project, concentrated on vitrinite-rich coal and avoided large obvious 
mineral grains, e.g. nodules. 
 
Merritt (1990) and Finkelman et al. (1998) interpreted that carbonates in thermally 
altered coal are from thermal alteration. Finkelman et al. (1998) proposed that the 
carbonates formed from the CO2 in the volatiles accompanying the intrusion and CO2 
from the metamorphosed coal. Querol et al. (1997) also attribute carbonates in 
thermally altered coal to epigenetic crystallisation in fractures and vesicles. Other 
authors, however, state that carbonates form as a secondary mineral during the late 
stages of diagenesis (for example, Watkins, 1996; Karayigit and Whateley, 1997). 
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Quartz and clay minerals in thermally altered coal are of primary origin (Merritt, 1990). 
Analcime is a type of zeolite and forms in hydrothermal igneous systems, particularly in 
vesicles in basalt. It may also occur as an authigenic mineral in sedimentary rocks if the 
sediment is of volcanic origin. Andalusite (Al2SiO5) commonly forms during the 
contact metamorphism of clays and can therefore be expected in the thermally altered 
coal. 
 
At Dartbrook, albite, muscovite, and andalusite only occur in the altered coal around the 
dykes and were produced during thermal metamorphism of clays, though some albite 
and muscovite may have been present as primary detrital phases. Quartz, kaolinite and 
the mixed-layered clays occur throughout both the unaltered and altered coal. This 
occurrence accords with the proposal by Ward (1986) that these minerals originated as 
detritus that entered the coal swamp rather than being thermal metamorphic phases as 
suggested by Merritt (1990). Analcime also occurs in the coal as a primary mineral, as 
was found by Querol et al. (1995) in Turkey, and was derived from alteration of 
volcanic detritus produced from the extensive volcanism contemporaneous with the 
Late Permian peat accumulation. 
 
Anatase only occurs in the Hydra dyke and was derived by alteration of primary Ti-
bearing phases in the basalt. Titanite only occurs at the intrusion/coal contact of the 
Hydra dyke and may have originated by the interaction of the intrusion with diagenetic 
carbonates present in the coal. Pyrite was detected in one sample from the coal/intrusion 
contact. The pyrite may have formed due to thermal alteration, as was proposed by 
Merritt (1990), but it commonly occurs in coal as an authigenic mineral (Ward, 1986). 
In the current study the pyrite may be present at levels lower than the detection limit for 
XRD. Similarly, although gypsum is a common diagenetic mineral (Ward, 1986) and 
the peat swamp had a strong marine influence, it was not detected in any sample 
probably because the concentration is below the detection limit for XRD analysis. Also, 
Fe-oxides and apatite were detected in thin sections of dyke samples but were not 
detected using XRD, once again because the minerals are at levels lower than the 
detection limit for XRD. 
 
The fact that the mineralogy of the highly altered coal between the fingers of the two 
dykes is very similar to that of the intrusive material indicates extensive interaction 
between the coal and the intrusion. Three samples of the Wynn tuff band 6 that occur 
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within the Wynn seam (AG7, AG63, AG64) in the Hunter Tunnel were analysed by 
XRD. The mineralogy of the tuff samples is dominated by quartz, albite and kaolinite. 
The XRD diffractograms for the tuff are very clear and lack any organic interference. 
The XRD diffractograms for the dyke samples, however, commonly contain an organic 
hump (Figures 3.11 and 3.12), due to organic matter, indicating that the dyke interacted 
with, and was altered by, the coal. Several authors have reported the alteration of 
intrusions by coal and interpreted that it is caused by the reaction of the igneous rock 
with CO2 and water (for example, Kisch, 1966; Hamilton, 1968; Stach et al., 1982; 
Varga and Horváth, 1986; Watkins, 1996). 
 
3.3.3.4 Summary 
Based on the mineralogy, the alteration halo extends 1.4 m into the coal from the drill 
core and 13 m into the Hunter Tunnel. In the case of the drill core, three minerals 
indicate the extent of the halo, of which ankerite is one, while in the tunnel, ankerite 
alone indicates the extent of the halo. The halo around the Hydra dyke is much larger 
than that around the Roman Road dyke. The petrography outlined differences in the 
composition of the two dykes, and subsequently, the difference in halo size and 
indicative minerals is expected.  
 
3.3.4 ROCK CHEMISTRY 
 
The rock chemistry data were divided into two groups, the first from the drill core 
(Appendix Table A.3) and the second from the Hunter Tunnel (Appendix Table A.4). 
These two data sets were then further separated into dyke and coal samples to allow the 
different rock types to be treated separately. The dyke chemistry is very different to the 
coal and causes a skewing of the results if it is included.  
 
3.3.4.1 Drill Core 
The 40 samples from the drill core comprise 12 dyke and 28 coal samples ranging from 
unaltered to highly altered coal. The concentration of each element was graphed versus 
distance along the drill core, for example see Figure 3.13. The elements were correlated 
together for the coal (Appendix Table A.5) and principal component analysis was 
performed. The significance was determined at the 95% confidence level using a two-
tailed student t-test. The results of the principal component analysis on the coal samples 
are shown in Table 3.13. The dyke material did not show any variance in the 12 
samples.  
Figure 3.11. XRD diffractogram for tuff sample AG7. Note that the spectrum is very clear and 
lacks any organic interference. The mineralogy is dominated by quartz, albite, and kaolinite. The 
major peaks are labelled.
Degrees 20
Figure 3.12. XRD diffractogram for dyke sample AG48. Note that the spectrum contains an 
organic hump in the 20-30°20 interval, indicating extensive interaction with the coal. The sample 
contains dawsonite, ankerite, quartz, albite, and muscovite. The major peaks are labelled.
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Thermal alteration of coal causes the enrichment of some elements and the depletion of 
others near the coal/intrusion contact. The PCA showed that many elements behave in 
the same way, allowing these elements to be subdivided into eight groups (Table 3.14) 
based on the PCA, correlations, and compositional gradients with distance from the 
intrusion. Ten elements were omitted due to incomplete records (Appendix Table A.6). 
Within each group, the elements correlate significantly to one another at the 95% 
confidence level (except for Tb, W and Th). Each group has an affinity to a suite of 
minerals and these groups, in turn, reflect the behaviour of the minerals as a result of 
thermal alteration and fluid flow.  
 
Elements in group A (e.g. Na, Figure 3.13) show a trend of gradually increasing 
concentration towards the contact, whereas elements in group E (e.g. Fe, Figure 3.14) 
are characterised by a sudden increase in concentration near the contact. Groups B, D 
and F all show fluctuations in elemental concentrations with distance from the dyke but 
differ in that group B simply fluctuates (e.g. Sm, Figure 3.13), group D fluctuates then 
increases near the contact (e.g. Yb, Figure 3.13), and group F fluctuates with a slight 
increase near the contact (e.g. Se, Figure 3.14). The five group C elements are enriched 
in the altered coal distant from the contact (e.g. Sr, Figure 3.13). Both of the group G 
elements show trends of increasing concentration towards the dyke followed by a sharp 
decrease at the contact (e.g. Br, Figure 3.14). The other elements (P, Nb and Pb) cannot 
be grouped. 
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Table 3.13. Principal component analysis on the coal samples from the drill core. The percentage 
variance that is explained by each component is shown. The statistically significant (at the 95% 
confidence level) positive r-values are shaded dark grey and negative values are shaded light grey. 
 
Component 1 2 3 4 5 
% of Variance 28.7 18.8 12.8 10 5.4 
Na 0.57 -0.29 -0.49 0.20 -0.07 
Mg -0.14 0.70 -0.58 0.19 0.11 
Al 0.57 -0.59 -0.21 -0.10 -0.13 
Si 0.42 -0.27 0.11 0.23 0.07 
P 0.82 0.14 0.47 -0.15 -0.04 
S 0.58 0.36 0.32 -0.61 -0.05 
Cl -0.30 -0.38 0.22 -0.22 -0.63 
K 0.61 -0.33 -0.58 0.02 -0.10 
Ca -0.08 0.84 -0.41 0.20 0.02 
Sc 0.44 -0.38 -0.59 0.11 -0.01 
Ti 0.22 -0.47 -0.68 -0.04 0.01 
V 0.66 -0.28 -0.35 0.35 0.04 
Cr 0.63 -0.06 -0.25 0.53 -0.20 
Mn -0.06 0.86 -0.34 0.19 0.02 
Fe 0.16 0.90 -0.33 0.01 0.09 
Co 0.56 0.37 -0.58 0.23 0.30 
Ni 0.76 0.55 0.13 -0.19 0.02 
Cu 0.63 0.40 0.29 0.17 -0.41 
Zn 0.20 0.92 -0.16 -0.12 0.02 
Ga 0.45 -0.63 -0.40 0.04 0.02 
Ge -0.34 -0.13 0.62 0.02 0.34 
As 0.66 0.48 0.11 -0.49 0.09 
Se 0.65 0.35 0.18 -0.54 -0.10 
Br -0.11 -0.32 -0.03 -0.34 -0.60 
Rb 0.64 -0.27 0.16 0.33 -0.30 
Sr 0.42 0.61 -0.02 0.56 -0.18 
Y 0.67 -0.28 0.30 -0.45 -0.04 
Zr 0.18 -0.60 -0.67 -0.12 0.09 
Nb 0.19 0.32 -0.05 0.13 -0.48 
Mo 0.68 0.49 0.02 -0.16 -0.29 
Cd 0.07 0.10 0.30 0.27 0.31 
In -0.43 -0.44 0.51 -0.17 -0.10 
Sn 0.11 -0.44 0.41 0.59 0.25 
Sb 0.70 0.43 0.17 -0.43 0.19 
Te 0.11 -0.15 0.57 0.68 0.09 
I 0.44 -0.07 0.61 0.39 -0.06 
Cs 0.43 0.49 -0.21 0.49 -0.36 
Ba 0.44 0.11 0.57 0.49 0.08 
La 0.62 -0.56 -0.05 0.05 0.06 
Ce 0.65 -0.43 -0.32 -0.10 0.08 
Nd 0.81 -0.15 0.05 0.40 -0.20 
Sm 0.92 -0.21 0.08 0.12 -0.03 
Eu 0.95 -0.02 0.15 0.09 -0.05 
Tb 0.42 -0.14 0.22 0.01 0.41 
Dy 0.66 -0.39 0.44 -0.27 -0.09 
Yb 0.82 -0.24 -0.20 -0.14 0.13 
Lu 0.76 -0.21 -0.26 -0.20 0.19 
Hf 0.30 -0.80 -0.33 -0.23 0.11 
Ta 0.60 -0.19 0.08 -0.15 0.59 
W 0.51 0.28 -0.24 0.48 0.21 
Au 0.60 0.34 0.15 -0.52 0.29 
Hg -0.06 0.03 0.03 -0.27 0.04 
Tl 0.77 0.05 0.47 0.03 0.09 
Pb 0.81 0.37 0.23 -0.26 -0.08 
Bi -0.29 0.06 0.24 0.36 0.45 
Th -0.13 -0.50 -0.03 -0.08 0.07 
U 0.20 -0.31 0.55 0.50 -0.15 
 
 
Distance from firs t finger of dyke (m)
Figure 3.14. Variation of Fe (Group E), Se (Group F), and Br (Group G) concentrations with 
distance from the first finger of the Roman Road dyke. The three alteration zones and the extent of 
the alteration halo are marked.
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Table 3.14. Element groupings based on trends, PCA and correlations in the geochemistry of the 
drill core coal. The trends in the groups were identified based on variation through the drill core, 
especially with relation to the fingers of the Roman Road dyke. Each group has an affinity to a suite of 
minerals, these were identified and are listed in the table as the source.  
 
Group A B C D E F G H 
Source Alumino-
silicate 
Alumino-
silicate 
Alumino-
silicate 
Oxide Carbonate Sulphide Organic Miscellan-
eous 
 Na Si Sr Co Mg P Cl Nb 
 Al Rb I Ce Ca S Br Pb 
 K Y Ba Yb Mn Ni   
 Sc La Ta Lu Fe Cu   
 Ti Nd U W Zn As   
 V Sm  Th  Se   
 Cr Eu    Mo   
 Ga Tb    Sb   
 Zr Dy       
 Hf        
 
Previous studies of the interaction between coal and igneous intrusions have recognised 
three to four alteration zones based on coal geochemistry (Table 3.15). Variations in the 
chemistry of the coal approaching the intrusion in the drill core samples from Dartbrook 
indicate the presence of three alteration zones (Figure 3.13). Zone one occurs in the 
unaltered coal at distances greater than 9.5 m from the dyke and is characterised by 
background levels of all elements. Zone two occurs in altered coal, between 5.6 m and 
9.5 m from the dyke, and exhibits some changes in chemistry, particularly in the 
contents of group C elements which are enriched here and group D elements which are 
depleted here. The zone closest to the intrusion (zone three) consists of coked coal and 
exhibits the most alteration, with enrichment of elements in groups A, D, E, F and G, 
and depletion in group C elements.  
 
Table 3.15. Alteration zones in thermally altered coal identified by other authors. Most authors 
identify three to four alteration zones, ranging from unaltered coal to natural coke. 
 
Author Zone 1 Zone 2 Zone 3 Zone 4 
Ward et al. (1989) Unaltered coal Heat-affected 
coal 
Banded cinder Dull, massive 
cinder 
Goodarzi and Cameron (1990) Unaltered coal Altered coal Brecciated 
coke 
Coherent coke 
Kwiencińska et al. (1992) Slightly altered 
coal 
Pumice-like 
coal 
Partly coked 
coal 
Entirely coked 
coal 
Karayigit and Whateley (1997) Unaltered coal Transition zone Natural coke  
  
When considered together, the chemistry of the altered coal indicates that the alteration 
halo in the drill core is 9.5 m wide. The edge of the alteration halo is marked by 
enrichment in the contents of most elements, particularly those of group C (Figure 
3.13). 
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3.3.4.1.1 Discussion 
The vast majority of the analysed elements are enriched in the altered coal compared 
with the unaltered coal, as was found by Finkelman et al. (1998). The elements have 
two potential sources comprising the intrusion and the coal (both inorganic and organic 
components), and the contribution of each source differs depending on the mineral 
affinity. The process of enrichment differs depending on the two sources; elements are 
either mobilised out of the intrusion into the coke, or enriched through residual 
accumulation during pyrolysis of the coal (Goodarzi and Cameron, 1990).  
 
The trend of increasing enrichment of group A elements towards the contact indicates 
that the intrusion was the source of these elements. Based on the findings of Querol et 
al. (1997), Finkelman et al. (1998) and Alastuey et al. (2001), together with the 
significant correlation between Al and all of the group A elements, this group of 
elements is attributed mainly to aluminosilicate minerals in the dyke. The Na, K, Ga and 
Al were derived from alteration of feldspars, the transition elements (Sc, Ti, V and Cr) 
from alteration of ferromagnesian phases such as olivine and pyroxene, and the high 
field strength elements (Zr and Hf) probably originated from accessory phases. 
 
The group E elements are greatly enriched in the coke in zone three compared to the 
other two zones, and are also interpreted as having been derived from the intrusion. The 
behaviour of these elements is attributed to their affinity with carbonates, with the 
breakdown of plagioclase providing Ca and the alteration of ferromagnesian minerals 
supplying the transition elements. Similar elemental patterns and groupings have been 
reported by Ward et al. (1989), Goodarzi and Cameron (1990), Querol et al. (1997), 
Finkelman et al. (1998), and Alastuey et al. (2001). 
 
The group F elements are slightly enriched in zone three, suggesting that the intrusion is 
their source. The group is attributed to sulphide minerals and similar findings have been 
made by Podwysocki and Dutcher (1971), Goodarzi and Cameron (1990), Querol et al. 
(1997), Finkelman et al. (1998) and Alastuey et al. (2001).  
 
In contrast to the group A and E elements, the lack of enrichment or depletion in 
contents of group B elements with distance from the dyke indicates that the coal itself is 
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the source, rather than the intrusion. These elements are normally attributed to 
aluminosilicate minerals, particularly because of the correlation to Si and the REE 
(Querol et al., 1997; Finkelman et al., 1998; Alastuey et al., 2001). The trends of group 
A and B are quite similar, as can be expected since these elements all correlate 
significantly to component one in Table 3.13. The group A and B elements also 
correlate significantly to Al and so both groups are attributed to aluminosilicate 
minerals. The aluminosilicate minerals do not all behave in the same manner however, 
as indicated by the separation of groups A and B. 
 
The group D elements are depleted in zone two compared to the coke in zone three and 
the unaltered coal of zone one, indicating that the coal is the source of these elements, 
although the intrusion may have made some contribution. These elements are attributed 
to oxide phases (Finkelman et al., 1998) that may have formed due to the thermal 
decomposition of carbonate minerals present in the coal before emplacement of the 
dyke (Goodarzi and Cameron, 1990). 
 
The sudden increase in concentration in group C elements from zone one (unaltered 
coal) to zone two (altered coal) followed by a marked depletion in zone three (coked 
coal) suggests that these elements were mobilised out of the intrusion, through the coke 
in zone three and deposited in the porous altered coal in zone two. Dehydration of clay 
minerals during pyrolysis resulted in mobilisation and migration of these elements to 
the more distant porous coke (Goodarzi and Cameron, 1990). 
 
Similarly, the group G elements Cl and Br were mobilised from organic components in 
the coal at the intrusion contact and redeposited nearby in the coke of zone three. Smith 
(1987) reported that Cl and Br are volatilised by the intrusion. Finkelman et al. (1998) 
found that Cl levels were lowest at the coal/intrusion contact. Goodarzi and Cameron 
(1990) reported removal of Cl and Br from the contact zone and redeposition elsewhere 
in altered coal. 
 
Group H contains three elements that correlate to some elements in the other groups and 
are contained in some of the principal components. There are, however, fundamental 
differences in the behaviour of these two elements from all the other groups. Therefore, 
these two elements are miscellaneous and cannot be grouped. The source of P is 
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problematic but may possibly be apatite, which is a common accessory phase in mafic 
intrusions in the Sydney Basin. Finkelman et al. (1998) found that Nb and Pb were 
mobilised away from the dyke and redeposited in the coal near the edge of the alteration 
halo.  
 
3.3.4.1.2 Summary 
The elements analysed in the coal samples from the drill core were subdivided into eight 
groups based on the PCA, correlations, and compositional gradients with distance from 
the intrusion (Table 3.14). Three of the groups represent aluminosilicate minerals, one 
group represents oxides, another represents carbonates, another represents sulphides and 
another represents organic material. Three zones of alteration are apparent in the coal 
approaching the first finger of the Roman Road dyke. The chemistry indicates that the 
alteration halo is 9.5 m wide. 
 
3.3.4.2 Hunter Tunnel 
Of the 21 samples from the Hunter Tunnel, there are five dyke and 16 coal samples 
ranging from unaltered to highly altered coal. The concentration of each element was 
graphed versus distance along the Hunter Tunnel, for example see Figure 3.15. The 
elements were correlated together for the coal (see Appendix Table A.7) and principal 
component analysis was performed. The significance was determined at the 95% 
confidence level using a two-tailed student t-test. The results of the principal component 
analysis on the coal samples are shown in Table 3.16. The dyke material did not show 
any variance in the five samples.  
 
Statistical analysis of geochemical data for coal samples from the Hunter Tunnel 
provided the basis for the recognition of nine groups (Table 3.17). Each group is 
typified by a pattern in the unaltered and altered coal approaching the intrusion. The 
trends in the three sections labelled in Figure 3.15 were used to group the elements. 
These trends were determined by comparing the graphs, correlations and PCA. Within 
each group the elements correlate significantly to one another at the 95% confidence 
level.  
 
V
ppm
100 80 60 40 20 0
Distance from first finger of dyke (m)
Figure 3.15. Variation of V (Group J), Sc (Group K), Sm (Group L), and Rb (Group M) 
concentrations with distance from the first finger of the Hydra dyke. The three alteration zones and 
the extent of the alteration halo are marked, it lies at 56 m from the intrusion. Zone 1 represents unaltered 
coal, zone 2 altered coal and zone 3 coked coal.
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Table 3.16. Principal component analysis on the coal samples from the Hunter Tunnel. The 
percentage variance that is explained by each component is shown. The statistically significant positive r-
values are shaded dark grey and negative values are shaded light grey. 
 
Component 1 2 3 4 
% of Variance 39 18 12 8 
Na 0.88 0.14 0.08 -0.09 
Mg 0.92 0.24 0.08 -0.21 
Al 0.78 -0.09 0.20 0.03 
Si 0.91 0.19 0.05 -0.23 
P 0.90 0.19 0.04 0.14 
S 0.03 -0.22 -0.09 0.45 
Cl 0.51 0.28 -0.14 -0.69 
K 0.55 0.00 0.22 0.21 
Ca 0.92 0.20 0.08 -0.14 
Sc 0.62 0.33 -0.10 0.39 
Ti 0.95 0.22 0.02 0.11 
V 0.96 0.17 0.00 0.12 
Cr 0.93 0.16 -0.13 0.01 
Mn 0.86 0.20 0.00 -0.34 
Fe 0.91 0.23 -0.02 -0.04 
Co 0.49 -0.05 0.33 0.08 
Ni 0.94 0.16 -0.01 0.18 
Cu 0.86 0.14 0.05 0.39 
Zn 0.31 0.23 -0.22 0.44 
Ga 0.81 0.14 0.06 0.14 
Se -0.02 -0.75 0.50 -0.02 
Br 0.76 0.13 -0.34 0.00 
Rb 0.52 -0.16 0.37 0.01 
Sr 0.76 -0.25 0.49 -0.14 
Y 0.18 -0.54 -0.77 -0.13 
Zr 0.54 -0.56 -0.47 -0.14 
Nb 0.88 -0.12 0.24 0.08 
Sn 0.15 -0.64 0.53 -0.17 
Sb 0.16 0.13 -0.20 -0.69 
Ba 0.91 0.09 0.28 0.00 
La 0.24 -0.32 -0.18 0.58 
Ce 0.40 -0.54 -0.14 0.41 
Nd 0.15 -0.64 -0.16 0.32 
Sm 0.20 -0.66 -0.09 0.32 
Eu 0.82 -0.32 -0.21 0.28 
Tb 0.39 -0.60 -0.17 0.12 
Dy 0.41 -0.58 -0.59 -0.07 
Yb 0.12 -0.60 -0.71 -0.17 
Lu 0.05 -0.60 -0.71 -0.18 
Hf 0.33 -0.75 -0.38 -0.07 
Ta 0.40 -0.69 0.51 -0.13 
W 0.58 -0.24 0.41 -0.29 
Pb -0.12 -0.75 0.44 -0.08 
Bi 0.09 -0.43 0.14 -0.67 
Th 0.04 -0.66 0.65 -0.04 
U -0.33 -0.71 0.50 -0.04 
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Table 3.17. Element groupings based on trends, PCA and correlations in the geochemistry of the 
Hunter Tunnel coal. The trends in the groups were identified based on variation in the coal, especially 
with relation to the fingers of the Hydra dyke. Each group has an affinity to a suite of minerals, these 
were identified and are listed in the table as the source.  
 
Group J K L M N O P Q R 
Source Alumino-
silicate 
Alumino-
silicate 
Alumino-
silicate 
Alumino-
silicate 
Carbonate Oxide Sulphide Organic Miscella-
neous 
 Na Sc Y Al Mg Sr S Cl Tb 
 Si Cu La K Ca Nb Co Br Bi 
 P Ga Ce Rb Mn Cs Se  Zn 
 Ti Zr Nd  Fe Ba Sn  Sb 
 V Eu Sm   Tb    
 Cr Hf Dy   Ta    
 Ni  Yb   W    
   Lu   Pb    
      Th    
      U    
 
The group J elements (e.g. V, Figure 3.15) gradually increase in concentration towards 
the contact, while the group N elements (e.g. Mg, Figure 3.16) rapidly increase in 
concentration near the contact. The group L elements (e.g. Sm, Figure 3.15) and group 
O elements (e.g. Pb, Figure 3.16) decrease then increase suddenly in the altered coal 
near the contact. Elements in group M increase suddenly in concentration in the altered 
coal then decrease slightly at the contact. Groups K, P and Q all display fluctuations in 
concentration near with distance from the dyke but differ in that group K (e.g. Sc, 
Figure 3.15) simply fluctuates, group P (e.g. S, Figure 3.16) fluctuates greatly near the 
contact, with a sharp decrease then increase in concentration, and group Q (e.g. Cl, 
Figure 3.16) increases then decreases at the contact.  
 
Using the chemistry, the coal of the Hunter Tunnel was divided into three alteration 
zones (Figure 3.15). Zone one occurs in the unaltered coal at distances greater than 
56 m from the dyke and is characterised by background levels of all elements. Zone two 
occurs in the altered coal, between 9.8 m and 56 m from the dyke, and exhibits some 
alteration to the chemistry, particularly in the contents of group M and P elements, 
which are depleted here. The zone closest to the intrusion (zone three) consists of coked 
coal and exhibits the most alteration with enrichment of the majority of elements.  
 
100 80 60 40 20 0
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Cl
ppm
Distance from firs t finger of dyke (m)
Figure 3.16. Variation of Mg (Group N), Pb (Group O), S (Group P) and Cl (Group Q) 
concentrations with distance from the first finger of the Hydra dyke. The three alteration zones and 
the extent of the alteration halo are marked.
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When considered together, the chemistry of the altered coal indicates that the alteration 
halo in the Hunter Tunnel is 56 m wide. The edge of the alteration halo is marked by a 
change in the concentration of all elements (Figure 3.15). 
 
3.3.4.2.1 Discussion 
The trend of increasing enrichment of group J elements towards the contact indicates 
that the intrusion is the source of these elements. Based on the correlation between Si 
and the group J elements and the findings of Alastuey et al. (2001) the source of these 
elements is interpreted to be aluminosilicate minerals in the dyke. The group N elements 
are enriched in the coke in zone three compared to the other two zones, indicating that 
the elements were derived from the intrusion. These are the classic carbonate elements 
and the source is the same as for group E in the drill core. 
 
The group L elements are slightly enriched in the altered coal at the contact compared to 
the unaltered coal but the elements are depleted in zone three leading up to the contact, 
indicating that the coal is the source of these elements. This group includes most of the 
REE and is attributed to aluminosilicates. In contrast, the group O elements are very 
enriched at the contact compared to the other zones, indicating that the intrusion is the 
source of these elements. Based on the findings of Finkelman et al. (1998), group O is 
attributed to oxide phases, as with group D in the drill core. 
 
The trend of a dramatic increase in group M concentration in zone three indicates that 
these elements are derived from the intrusion. The correlation of group M elements to 
Al and the findings of Querol et al. (1997) indicate that these elements were derived 
from aluminosilicates. The decrease in concentration at the contact indicates that these 
elements were mobilised out of the intrusion, through the contact zone and deposited in 
the more porous coke, as with the group C elements of the drill core. The group K 
elements are depleted in the coke in zone three compared to the unaltered coal, 
indicating that the coal contributed a small amount of these aluminosilicate elements to 
the coke.  
 
The fluctuation in concentration of the group P elements in zones two and three 
compared to the unaltered coal in zone one indicates that the coal itself is the source of 
these elements, although some may have been contributed by the intrusion. This group 
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includes S and Co and based on the findings of Querol et al. (1997) these elements are 
attributed to sulphides. The group Q elements are enriched in the coke in zone three, 
indicating that the elements were volatilised from the coal and accumulated close to the 
coal/intrusion contact. The source of the group Q elements is organic material 
(Goodarzi and Cameron, 1990). Group R contains four elements with varying patterns 
that do not match those of other elements. 
 
3.3.4.2.2 Summary 
The elements analysed in the Hunter Tunnel coal samples were divided into nine groups 
based on PCA, correlations and behaviour approaching the fingers of the Hydra dyke 
(Table 3.17). Four of the groups represent aluminosilicate minerals, one group 
represents oxides, another represents carbonates, another represents sulphides and 
another represents organic material. Three zones of alteration are apparent in the coal 
approaching the first finger of the Hydra dyke. The chemistry indicates that the 
alteration halo is 56 m wide. 
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3.4 DISCUSSION 
 
The groups of elements in the two cases (drill core and Hunter Tunnel) are defined by 
their trends approaching the Roman Road and Hydra dykes respectively. There are 
some obvious differences between the groups, as can be expected since many variables 
affect the composition of thermally altered coal. In both cases, at least half of the 
elements have aluminosilicate affinities, though the aluminosilicate elements do not all 
follow the same trend. In the drill core the aluminosilicates were divided into three 
groups and in the Hunter Tunnel they were divided into four groups. In both cases, the 
carbonate elements are the same, except Zn is included in the drill core. In the case of 
the core, six elements have affinities to oxides, whereas double that number occur in the 
tunnel. In the case of the core eight elements have sulphide affinities compared to four 
in the tunnel. 
 
The approximate sizes of the alteration halo, caused by the Roman Road dyke, indicated 
by the mineralogy (1.4 m) compared to the chemistry (9.5 m) are very different. 
Similarly, the alteration halo, caused by the Hydra dyke, indicated by the mineralogy 
(13 m) is very different to that indicated by the chemistry (56 m). The differences in 
halo size were found despite the fact that the mineralogic and geochemical analyses 
were performed on the same samples, indicating that the difference is not a function of 
sampling. Ward et al. (1989) stated that the alteration halo is better defined by the 
chemistry than by the mineralogy and the same was found in the current study. 
Essentially, beyond the coked coal of zone three, the mineral content of the coal is not 
very sensitive to thermal alteration. Mineralogy only identifies whether or not a mineral 
is present, whereas geochemical data quantify the concentration of elements. 
Quantification using XRD is possible but only viable for simple mixtures. The large 
assemblage developed in the altered dykes precludes realistic quantification. 
 
The alteration halo caused by the Hydra dyke is much larger than that caused by the 
Roman Road dyke. The size of alteration halos is dependent on many factors including 
rank, petrological composition, thermal conductivity, degree of development of fissures 
and cleats, water content, pressure and temperature of the coal, and the chemical 
composition, temperature, degree of crystallisation of the intrusion, and the nature and 
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proportion of volatile fluids (Johnson et al., 1963; Kisch and Taylor, 1966; Ghosh, 
1967; Finkelman et al., 1998). As stated by Goodarzi and Cameron (1990), thermal 
alteration of coal does not follow the twice-the-thickness-of-dyke rule. In the current 
study, the Roman Road dyke in the drill core is wider than the alteration halo in the 
coal, whereas the Hydra dyke in the Hunter Tunnel is narrower than the alteration halo 
in the coal. An obvious difference between the two cases is that the two dykes have 
slightly different compositions (Section 3.3.2.3). In addition, the Hydra dyke is located 
under the present path of the Hunter River and the entire Hunter Tunnel experiences a 
tremendous amount of groundwater infiltration. Therefore, more diagenetic alteration 
from groundwater may have occurred, causing the extended alteration around the Hydra 
dyke. It is anticipated that the majority of alteration to the coal was hydrothermal and 
occurred at the time of emplacement of the dyke. It is suggested that further alteration 
has occurred due to the leaching of the dykes by groundwater and precipitation of 
minerals in the coal, the groundwater composition is investigated in Chapter five. 
 
Another possible cause of the larger alteration halo, caused by the Hydra dyke, in the 
Hunter Tunnel is that the sampling intervals were irregularly spaced, which limits the 
usefulness of the data to describe the extent of the alteration halo. Conversely, the 
regular spacing of the samples from the drill core allowed the exact pin-pointing of the 
extent of the alteration halo.  
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3.5 CONCLUSIONS 
 
This chapter discussed the changes in vitrinite reflectance, mineralogy, and 
geochemistry from thermal alteration of the Upper Wynn seam at Dartbrook. The 
following conclusions can be drawn: 
(i) the size of the alteration halo differs greatly in the two intruded 
environments (approximately 9.5 m in the drill core and 56 m in the Hunter 
Tunnel); 
(ii) the size of the alteration halo is not a multiple of the size of the intrusion; 
(iii) in both cases, four alteration zones are evident using the vitrinite reflectance, 
coal texture, mineralogy and geochemistry, ranging from:  
a) normal coal, Ro max = 0.8 with primary minerals;  
b) slightly thermally altered coal with increased vitrinite reflectance (Ro 
max = 1.8), primary minerals present as well as secondary minerals, 
altered geochemistry, but no change in texture; 
c) brecciated coke with high reflectance (Ro max = 2.5 to 5.0), 
brecciated texture yet some resemblance to coal, large amount of 
secondary carbonate mineralisation but no primary minerals, 
accumulation of many elements, particularly carbonate elements; and 
d) natural coke with very high reflectance (Ro max = 7.0), highly 
vesicular, no resemblance to coal, minor mineralisation, depletion of 
some elements, particularly organic elements, and accumulation of 
others; 
(iv) vitrinite reflectance increases approaching the contact with the intrusion; 
(v) elements exhibit affinities for minerals and display trends of accumulation 
and depletion approaching the contact depending on those affinities;  
(vi) the majority of elements in the altered coal have affinities to aluminosilicate 
minerals; 
(vii) the majority of elements are enriched at the coal/intrusion contact; 
(viii) carbonates dominate the mineralogy of the unaltered coal, altered coal and 
dyke; 
(ix) the most common carbonate in the core and the tunnel is dawsonite; 
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(x) ankerite and siderite are products of thermal alteration and only occur in the 
altered coal and dykes; 
(xi) geochemical data are better for defining the size of the alteration halo than 
mineralogy. 
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CHAPTER FOUR – CARBONATES 
 
4.1 INTRODUCTION 
 
Carbonates are very common in all types of sedimentary rocks worldwide, including 
coal, in which carbonates form through normal sedimentary processes. Carbonate 
formation in the Bowen-Gunnedah-Sydney (BGS) Basin has been linked to igneous 
intrusions on the basis of carbonate isotopic signature, petrography, and geochemistry 
(Baker et al., 1995).  
 
In light of this and within the scope of the current project the identity of cleat minerals 
at Dartbrook was determined and it was ascertained whether they formed as a result of 
igneous intrusions. Carbonates make up a major component of the mineral fraction in 
coal at Dartbrook. The study of the carbonates will allow the determination of the 
carbon source and the environment of formation of the carbonates. 
 
Several tools are commonly used to study carbonates in altered coal. These include the 
analysis of δ13C, δ18O, mineralogy and/or petrography, and geochemistry. The C isotope 
composition of the carbonate indicates the C source. The O isotope composition 
indicates the temperature, pore water composition, and isotopic composition of the 
surrounding rock at the time of crystallisation. Together these tools can be used to 
identify the source of the carbonates at Dartbrook and determine whether there is a 
magmatic influence. 
 
Prior to the current study the identity and source of the carbonates in the Dartbrook coal 
was unknown. The dominant carbonate has been identified (using XRD) as the 
relatively uncommon mineral dawsonite and its isotopic composition has been 
determined and the source identified. The results of this chapter confirm the findings of 
the previous chapter; i.e. that the impact of igneous intrusions is widely felt at 
Dartbrook. This study joins a small handful of worldwide studies into the isotopic 
composition of dawsonite in coal and as such makes a significant contribution to the 
state of knowledge. 
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The initial section of this chapter introduces the study of carbonates in sedimentary 
environments, in particular coal. The next section deals with dawsonite in particular. 
This is followed by the methods, results, and discussion. 
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4.2 CARBONATES 
 
A wealth of literature exists on the composition of carbonates in sedimentary 
environments; some deal with coal and a few focus on thermally altered coal. This 
section gives a review of the worldwide literature. The studies on carbonates in coal 
(Table 4.1) are divided into normal coal and thermally altered coal (shaded grey in 
Table 4.1), which are more important to the current study. 
 
Carbonates are commonly encountered in sedimentary rocks and either form during 
early diagenesis, for example, siderite nodules in Bowen Basin coal (Gould and Smith, 
1979), or precipitate out of groundwater, as is the case with the dolomite rhombs in a 
sandy oil reservoir in Libya (Al-Shaieb and Shelton, 1978). The composition of 
diagenetic carbonates in sedimentary environments, such as, sandstone, oil reservoirs, 
shale, and limestone, has been widely studied. The parameters studied include isotopic 
composition, mineralogy and/or petrography, and geochemistry. A comprehensive list 
of previous studies, is given in Appendix Table B.1.  
 
The composition of carbonate in coal, including the δ13C, δ18O, 87Sr/86Sr, mineralogy 
and/or petrography, or geochemistry, has been studied worldwide (see Appendix B.1 for 
a comprehensive list of studies) and a significant number of studies focus on the 
Bowen-Gunnedah-Sydney basin system. The following occurrences of carbonates have 
been found in coals from this basin system (Tarabbia, 1994; Ward and Christie, 1994; 
Hutton, 1995a, 1995b; Ward and Swaine, 1995; Golding et al., 2000): 
(i) siderite nodules;  
(ii) magnesian siderite infillings;  
(iii) ankerite vein and cleat infillings; 
(iv) calcite cleat infillings; 
(v) dawsonite cleat infillings; and 
(vi) dolomite cleat infillings. 
It is generally accepted that nodular siderite forms during early diagenesis (prior to 
compaction), whereas the other carbonates formed after the maturation of the coal was 
largely complete. In a study of cleat mineralisation in southern Bowen Basin coals, 
Butler Jr. and Hamilton (2000) concluded that cleats form after maximum burial and 
rank advancement of the coal and the cleat mineralisation occurs during or after the 
formation of the cleats. 
 
Table 4.1. The 8 C and 8lsO composition of carbonates, reported by various authors. The lithology 
column refers to whether the coal is associated with magmatism. The thermally altered coal is shaded 
grey. Note the different isotopic values for different carbonates. Note also that the calcite in altered coal 
has lower 513C and 5180  than in the unaltered coal. In addition, calcite has lower 8I3C and 8lsO than 
primary siderite does.
Author Location Lithology Mineral 513C r d b  ( % o) 518O s m o w  ( % o )
Botz et al. 
(1986)
Sydney & 
Bowen Basins
Unaltered Coal Siderite +2.7 to +6.2 +10.6 to  +19.6
Calcite +3.5 t o +13.1 +13.7 t o +19.8
Dolomite +1.3 t o +8.5 +14.0 t o +15.2
Secondary
Siderite
-4.2 t o +15.5 +13.6 to +19.5
Faraj (1995) Bowen Basin Unaltered Coal Calcite -6.4 t o +14.7 +9.7 t o +16.7
Ankerite -7 .1  t o -1.5 +7.6 t o +11.7
Strontianite +2.4 +13.1
Shieh and 
S uter (1979)
Illinois & 
Indiana, USA
Unaltered Coal Calcite -9 .2  to -3 .5 +21.4 to +24.5
Curtis et al. 
(1986)
England Unaltered Coal Siderite -3 .0 9  to 
+10.35
+21.6 to +25.3
Calcite -2 1 .4 9 +21.7
Dolomite -1 0 .4 8  t o -  
8.67
+26.1 to +27.0
Boreham  et al. 
(1998)*
Bowen Basin A ltered Coal Calcite -1 0 .7  to +17.9 +9.9 to +20.9
Gould and 
Smith (1979)
S ydney & 
Bowen Basins
A ltered Coal Siderite -1 2  t o +10 +8.2 to  +29.8
Calcite -2 6  to +25 -0.1 to  +23.6
Uysal et al. 
(2000)
Bow en Basin Sedim ents in 
Coal M easures
Siderite -5 .3  to +12 +11.4 to  +17.0
Northern Calcite -1 1 .5  to +4.4 +5.9 to +14.6
S outhern Calcite -1 9 .4  to  +0.8 +12.5 to  +14.8
Ankerite -1 0 .9  to -1 .8 +7.2 t o +10.2
Dolom ite +6.3 +9.4
*Data from Saxby et al. (1996)
Cleats are natural fractures in coal that intersect bedding planes but do not disturb them. 
Cleats are best developed in low-ash, vitrain layers of bituminous coal and occur as a 
result of active coalification processes and fluid pressure exerted during tectonic 
stressing events. Cleats in coal create problems with the coal quality and the stability of 
the seam. Many cleats are infilled by thin mineral veins, which often constitute a major 
fraction of the total mineral matter in the coal. Another mining problem associated with 
cleats is that they provide planes of weakness in coal, which affects the coal cutting, 
size of material produced, behaviour of pillars and methane degassing. Cleat minerals 
are not detrital or syngenetic and are therefore, not intimately associated with the coal. 
The mineral content of coals has been studied for over a century but little has been done 
°n cleat mineralisation, particularly in Australia.
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In the cleat classification outlined by Pattison et al. (1996), the predominant lithotype-
bound cleat sets are referred to as face cleats and the discontinuous subordinate cleats 
that terminate against face cleats are called butt cleats. 
 
Studies have been performed on thermally altered coal by Kisch and Taylor (1966); 
Podwysocki and Dutcher (1971); Loughnan and Goldbery (1972); Gould and Smith 
(1979); Baker et al. (1995); Hutton (1995a, 1995b); Golding et al. (1996); Querol et al. 
(1997); Boreham et al. (1998); Finkelman et al. (1998). In thermally altered coal, 
Finkelman et al. (1998) state that the suite of carbonate minerals formed is a function of 
the chemistry of the intrusion, distance from the intrusion and diagenesis. 
 
4.2.1 CARBONATE COMPOSITION 
 
Early studies of cleat carbonate composition relied on mineralogy. Studies that are more 
recent also make use of δ13C and δ18O to constrain the temperature of formation and the 
composition of the parent material. Table 4.1 has summarised the findings of previous 
authors on the stable isotope composition of cleat carbonates, and section 4.5.2.3 
compares these findings with those of the current study. What follows in this section is a 
chronological review of the literature on the formation of carbonates in coal. First is the 
review of two papers that studied normal coal, while the remainder of the section 
investigates carbonates in coal from regions that are associated with magmatism.  
  
4.2.1.1 Normal Coal 
Shieh and Suter (1979) determined the composition of calcite in coals in the USA. They 
collected the coal samples from four different stratigraphic units in six coal mines, and 
found that the calcite shows very little variation in δ18O values (Table 4.1). The 
variation in δ18O and δ13C within each bed is almost as great as the variation throughout 
the entire area studied, with no consistent change. They interpreted these uniform 
isotopic results to indicate that the calcite formed at, or near, isotopic equilibrium from 
an aqueous solution of a relatively uniform isotopic composition and temperature. They 
state that the cleat minerals are in, or close to, oxygen-isotope equilibrium with present-
day groundwater. They estimate the temperature of formation of the calcite at 13° to 
28°C, implying that the oxygen in the calcite has exchanged with modern groundwater 
and that these temperatures do not represent the temperature of formation. 
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Botz et al. (1986) analysed over 100 cleat samples collected from the Sydney and 
Bowen Basins. Their petrographic investigation indicated that carbonates formed at 
various stages during the sediment history, either in the soft sediment during the early 
stages of diagenesis (siderite nodules) or after lithification in veins, cleats and other 
openings in the coal. Botz et al. interpret the carbon isotope composition (Table 4.1) to 
indicate that anaerobic fermentation formed the 13C-enriched siderite, which supports 
the model proposed by Gould and Smith (1979). 
 
Botz et al. believe the other carbonates are epigenetic in origin, having formed mainly 
in contraction cracks and fractures. The δ18O values of these secondary carbonates 
indicate an unrealistic temperature of formation (-5 to +19°C), suggesting that late 
isotopic exchange with 18O-enriched pore waters must have occurred, this was also 
found by Shieh and Suter (1979) in the USA. 
 
In conclusion, at least two stages of carbonate formation naturally occur in coal, during 
early diagenesis (for example siderite nodules) and after lithification. The siderite forms 
because of the bacterial fermentation of simple organic molecules (Gould and Smith, 
1979). As for the later carbonates, the two studies mentioned above of carbonates in 
normal, unaltered coal indicate that significant isotopic exchange occurs between 
secondary carbonates and their surroundings. In both cases, the temperature of 
formation indicated by the δ18O values is extremely low compared to the temperature of 
coal formation indicating that groundwater has relatively recently exchanged with the 
carbonates. 
 
4.2.1.2 Thermally Altered Coal 
Most coal seams naturally contain carbonates, particularly in the vitrain layers. Studies 
into thermally altered coals have noted a difference in carbonate composition to those in 
unaltered coal. This section provides support for the theory that further carbonate 
mineralisation occurs as a result of magmatism-related hydrothermal activity. Many 
authors attribute the formation of carbonates in vesicles and veins adjacent to intrusions 
to the CO2 in the volatiles accompanying the intrusion and from the metamorphosed 
coal. Two of the first authors to champion this theory were Kisch and Taylor (1966), 
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who studied the mineralogy of thermally altered coal in Australia, and Podwysocki and 
Dutcher (1971), who studied the mineralogy of thermally altered coal in the USA. Even 
though these studies were based on mineralogy only, and analytical technology has 
greatly advanced since then, the mechanism of formation suggested therein is still 
favoured in the literature. 
 
Gould and Smith (1979) studied cleat carbonates from various levels in normal and 
thermally altered coal seams from the Bowen and Sydney basins. Samples were 
collected from various levels to check for in-seam variations, and from normal and 
thermally altered coals to determine the isotopic changes due to thermal alteration. 
Gould and Smith (1979) expected a close relationship between the isotopic composition 
of coexisting siderite and calcite but they found that the siderite has much less variation 
in 13C and 18O content than the calcite (Table 4.1) and that no regular isotopic 
relationship existed between the two carbonates. This was interpreted to mean that the 
two minerals represent different, unrelated generations of carbonate. As mentioned 
earlier this is now generally accepted.  
 
Gould and Smith (1979) reported several variations in the isotopic composition of the 
primary and secondary carbonates, including variations within single seams that they 
attributed to local variations in fluid permeabilities. They also found that thermally 
altered siderites are enriched in 12C compared to the unaltered siderites and they 
interpreted this to indicate substantial isotopic exchange of C between the carbonate and 
surrounding coked coal. They also found that isotopically heavy calcites only occur 
towards the top of the coal seam. They suggested that escaping CO2 at the seam margin 
(enriched in 13C due to exchange with CH4) reacts with metal ions in solution or 
exchanges with pre-existing carbonates to form the calcite. Gould and Smith (1979) 
concluded that isotopic exchange occurs between siderite and calcite in regions of 
extreme thermal alteration.  
 
Golding et al. (1996) and Boreham et al. (1998) studied the composition of carbonates 
in coals in the Bowen Basin, many of which are thermally altered, with the aim of 
reconstructing the maturation history of the coals with regard to hydrothermal fluid 
impacts. They considered that the positive δ13C values (Table 4.1) indicate deposition 
from a mixed CO2- and CH4-bearing fluid, possibly of magmatic origin. The C and O 
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isotope results are broadly correlated, they believed this co-variation indicates the 
carbonates formed at relatively high temperatures (in excess of 150°C). This is 
supported by the common observation of coking structures adjacent to carbonate 
mineralisation. Boreham et al. (1998) also concluded that the carbonate mineralisation 
in the coals is predominantly the product of magmatism-related hydrothermal activity.  
 
Golding et al. (1996) also found that the vein and cleat-filling calcites have strongly 
unradiogenic Sr isotope compositions that show significant regional variations. The 
samples from the northern Bowen Basin have 87Sr/86Sr values between 0.70466 and 
0.70506; the samples from the southern basin are less radiogenic with ratios between 
0.70352 and 0.70471. They considered that the Sr in the formative fluid was largely 
derived from a magmatic source or sources rather than a crustal source.  
 
Finkelman et al. (1998) studied the composition of carbonates in thermally altered coal 
in the USA. Carbonates make up 90% of the mineral content in the coke near the dyke. 
They attributed the formation of calcite in vesicles and veins adjacent to intrusions to 
the same mechanism that was suggested by Kisch and Taylor, 32 years earlier. 
 
Uysal et al. (2000) analysed carbonates from Late Permian coal measures in the Bowen 
Basin. They encountered several generations of carbonates in the northern Bowen Basin 
including primary siderite, Fe-Mg calcite-ankerite-siderite, and calcite. They interpreted 
that the siderite formed during early diagenesis, the Fe-Mg mixed carbonate replaced 
volcanic rock fragments and the later calcite is associated with clay formation. The Fe-
Mg mixed carbonate and calcite formed due to hydrothermal activity during the latest 
Triassic (Uysal et al., 2000). In the southern Bowen Basin they only encountered calcite 
with nearly uniform δ18O values, indicating little fluid interaction. Uysal et al. found 
that the δ13C and δ18O values for siderite are positively correlated (r = 0.84), which may 
be due to two different siderite phases with distinct composition or mixing of two types 
of fluids. They found that the Sr isotope composition of all carbonate minerals were 
similar, with mantle-like unradiogenic 87Sr/86Sr ratios, similar to those of Golding et al. 
(1996). Uysal et al. found no correlation between the Sr values and the C and O values, 
indicating that the cation had a different source. The Nd isotopic composition was 
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determined for two calcite veins and these have significantly radiogenic 143Nd/144Nd 
values. The Sr results indicated a magmatic influence on the carbonates. 
 
In conclusion, most of the literature agrees that, in the case of thermally altered coal, the 
heat and volatiles from magmatism drive the hydrothermal systems responsible for cleat 
mineralisation. It is interesting to note that the same mechanism is touted not only for 
the entire Bowen-Gunnedah-Sydney Basin but also in the USA. This indicates that the 
mode of formation of carbonates in thermally altered coal is most likely global. Section 
4.6.1 discusses the mechanism of formation of the abundant carbonates at Dartbrook 
coal mine. The results from the current study are discussed with respect to those 
presented in this section. 
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4.3 DAWSONITE 
 
In addition to the rock samples described and interpreted in chapter three, a separate set 
of rock samples was collected from Dartbrook specifically to determine the carbonate 
composition. As shown in chapter three, carbonates dominate the mineral fraction of the 
coal. The previous sections have illustrated, in particular Table 4.1, that the most 
common carbonates that occur in coal worldwide are calcite, ankerite and siderite, with 
occasional dolomite. Therefore, it was surprising to discover that the dominant 
carbonate at Dartbrook is dawsonite. 
 
The remainder of this chapter discusses the occurrence, isotopic composition, and 
source of dawsonite in coal cleats at Dartbrook. Included is a description of the methods 
used to extract and analyse the dawsonite. The results are presented and interpreted to 
determine how the dawsonite formed at Dartbrook. This is followed by a discussion of 
the worldwide occurrences of dawsonite in relation to the companion minerals, isotopic 
composition, and lithologies in which it occurs and a review of the interpreted sources 
of dawsonite that various authors have presented. 
 
The results and interpretations of this study are compared with the findings of Baker et 
al. (1995) who determined the petrography, δ13C and δ18O composition of dawsonite in 
53 subsurface sandstone samples in the BGS Basin system, Australia. Baker et al. 
(1995) reported that the δ13C values for dawsonite range from 4.0 to +4.1 and over 
80% lie between 2.0 and +3.0, while the δ18O values range from +9.8 to +19.8.  
 
4.3.1 BACKGROUND 
 
Dawsonite (NaAlCO3(OH)2) is an orthorhombic, hydrated sodium aluminium carbonate 
salt. It tends to have a white colour, fine fibrous habit, and silky lustre (Figure 4.1) 
(Loughnan and See, 1967; Goldbery and Loughnan, 1970; Coveney and Kelly, 1971; 
Aikawa et al., 1972; Volkova and Rekshinskaya, 1973; Goldbery and Loughnan, 1977; 
Tarabbia, 1994). Dawsonite is strongly anisotropic and easily recognised in thin section. 
The X-ray powder diffractogram of dawsonite contains 21 lines and it can be readily 
identified by an isolated sharp (110) peak at 0.566 nm. It effervesces and dissolves 
quickly in cold, concentrated HC1 (Coveney and Kelly, 1971).
Figure 4.1. Photomicrograph showing the fine fibrous habit of dawsonite (from Loughnan and 
Goldberv, 1972). Dawsonite occurs on the right of the photo.
4.3.1.1 Occurrences
Dawsonite has a variety of occurrences (Smith and Milton, 1966; Loughnan and See, 
1967; Coveney and Kelly, 1971; Loughnan and Goldbery, 1972; Goldbery and 
Loughnan, 1977; Balfe and Carmichael, 1980; Wopfner and Hocker, 1987; Tarabbia, 
1994), including:
a) as cleat infillings in coal;
b) as a cement;
c) in discordant and fracture veins;
d) as a replacement mineral (commonly as a pseudomorph of feldspars);
e) as nodules;
f) as a lining of solution cavities; and
g) as a daughter mineral in fluid inclusions.
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It commonly occurs with zeolites and other carbonates. Table 4.2 presents a summary of 
minerals that have been found in association with dawsonite from a wide variety of 
locations.
Table 4.2. Summary of minerals found in association with dawsonite. Note that the minerals that are 
most commonly found with dawsonite are other carbonates and zeolites. Sources of data: Hay, 1963; 
Smith and Milton, 1966; Loughnan and See, 1967; Goldbery and Loughnan, 1970; Coveney and Kelly, 
1971; Aikawa et al., 1972; Loughnan and Goldbery, 1972; Volkova and Rekshinskaya, 1973; Brobst and 
Tucker, 1974; Goldbery and Loughnan, 1977; Balfe and Carmichael, 1980; Wopfner and Hocker, 1987; 
Gillott and Rogers, 1994; Tarabbia, 1994; Baker et al., 1995.
C AR BO N ATES ZEO LITES O THER SILICATES O THER M INERALS
Calcite Analcim e Q uartz N ordstrandite [A I(O H)3]
A nkerite N epheline Kaolinite G ibbsite
Dolom ite Natrolite Feldspars Pyrite
S iderite Laum ontite lllitic clays M arcasite
S trontianite Albite Goethite
W itherite  (B a C 0 3) M icrocline Gorceixite
A lston ite  [C aB a(C O )3]
A lum ohydrocalcite
Aragonite
N ahcolite  (N a H C 0 3)
Chlorite
M ontm orillonite
M uscovite
Biotite
A llophane
[BaAI3(P 0 4)(P 0 30 H )(OH )6]
4.3.1.2 Distribution
Until the 1970 s, dawsonite had only been found in seven locations worldwide and was 
considered a rare mineral. As Table 4.3 shows, however, dawsonite is now recognised 
in many locations. It is widespread in the Permo-Triassic rocks of the BGS Basin 
system, in coal measures, other non-marine strata and marine sequences (Loughnan and 
See, 1967; Goldbery and Loughnan, 1970; Loughnan and Goldbery, 1972; Goldbery 
and Loughnan, 1977; Balfe and Carmichael, 1980; Tarabbia, 1994; Baker et al., 1995; 
Hutton, 1995b).
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Table 4.3. Summary of worldwide occurrences of dawsonite. Note the range of lithologies in which it 
occurs. Coals that contain dawsonite are shaded dark grey. Dawsonite in environments that have 
experienced igneous activity are shaded light grey. 
 
LOCATION LITHOLOGY REFERENCE 
Tuscany  Chaper (1881) 
Algeria  Curie and Flamand (1892) 
Albania  Pelloux (1932) 
Colorado Oil shale Smith and Milton (1966) 
Sydney Basin Dolomite and siltstone Goldbery and Loughnan (1970) 
Western Sydney Basin Sandstone and Siltstone Goldbery and Loughnan (1977) 
Bowen Basin Aldebaran Sandstone Baker and Golding (1992) 
IGNEOUS   
Montreal Trachyte dyke Harrington (1874) 
Olduvai Gorge, Tanganyika Eolian tuffs Hay (1963) 
Northern Italy Groeden Sandstone Wopfner and Höcker (1987) 
California Quartz veins in granite Coveney and Kelly (1971) 
Colorado Tuff and Oil Shale Brobst and Tucker (1974) 
Canada Dykes and sills in limestone Gillott and Rogers (1994) 
Japan Veins in tuff and sediments Aikawa et al. (1972) 
Bowen Basin Sandstone Balfe and Carmichael (1980) 
Muswellbrook, Sydney Basin Sandstone Loughnan and See (1967) 
BGS Basin system Sandstone and siltstone Baker et al. (1995) 
COAL   
Kuznetsk Basin, USSR Coal Volkova and Rekshinskaya (1973) 
Sydney Basin Singleton Coal Measures Loughnan and Goldbery (1972) 
Hunter Valley, Sydney Basin Wittingham Coal Measures Tarabbia (1994) 
Sydney Basin Coal (Wynn seam) Hutton (1995b) 
 
4.3.1.3 Formation 
Some authors suggest that dawsonite forms due to hydrothermal mineralisation 
associated with intrusions (for example, Gillott and Rogers, 1994). This is because the 
formation of dawsonite requires high concentrations of CO2 and/or fluids with high 
carbonate/bicarbonate concentrations (Hay, 1963; Goldbery and Loughnan, 1970; 
Coveney and Kelly, 1971; Loughnan and Goldbery, 1972; Goldbery and Loughnan, 
1977; Balfe and Carmichael, 1980; Baker and Golding, 1992; Tarabbia, 1994; Baker et 
al., 1995) and dawsonite is reported to be an alteration product of sodium 
aluminosilicates, such as analcime and albite. Other authors that have encountered 
dawsonite in the BGS Basin system have interpreted its extensive distribution as an 
indicator of widespread igneous activity. This is significant because the presence of 
dawsonite in the coal at Dartbrook may be indicative of the influence of igneous 
intrusions. The hypothesis that dawsonite forms due to hydrothermal mineralisation 
associated with intrusions is tested in section 4.5.2 using isotopic analyses on the 
dawsonite.  
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4.4 METHODS 
 
This section contains a description of the methods used to collect rock samples, and 
extract and analyse the cleat material. The first section details the rock collection 
procedures, followed by a description of the preparation and analysis. 
 
Samples of rocks containing cleat infilling (almost always vitrinite-rich coal) were 
collected from drill cores and various locations underground. The bright coal (vitrinite) 
at Dartbrook contains abundant infilled cleats, however the coal at Dartbrook is 
relatively vitrinite poor and the dull coal does not contain infilled cleats (Hutton, 
1995a), so that cleat material forms only a minor proportion of the rock. Samples were 
taken from a broad spatial spread within the mine-lease and from different coal seams. 
The lateral and vertical spread were devised to test for spatial variations in the isotopic 
composition of the carbonates.  
 
4.4.1 COLLECTION 
 
A total of 76 coal samples containing cleat infilling were collected from the Dartbrook 
mine-lease over a broad spatial extent, as shown in Figure 4.2. The samples were taken 
from varying distances from known intrusions. 
 
4.4.1.1 Drill Cores 
A total of 24 samples were taken from drill-cores. Although Dartbrook has drilled 
extensively throughout the mine-lease, very little coal material remains in most cores 
because it has been used for testing various coal parameters. As a result, samples were 
taken from any core that contains cleat infillings at any depth. 
 
4.4.1.2 Underground 
A total of 52 samples containing cleat infilling were taken from underground at 
Dartbrook. Most samples were of coal from the Wynn seam (Figure 2.3) but some were 
from other seams. All of the samples were collected by breaking a fresh piece of the 
wall with a geological hammer, trying to avoid the rock dust. Each sample was placed 
into a separate, labelled sample bag and sealed. At some locations more than one sample 
was taken, a few metres apart, to allow a comparison of the results. 
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4.4.2 EXTRACTION 
 
The cleat material was carefully plucked out of broken coal using tweezers. Some 
mineral material was scraped off the blocks of coal using a knife. The tweezers and 
knife were cleaned between each sample. 
 
The majority of samples contained at least two types of cleat minerals; one is a flaky, 
white, pearly, almost translucent butt cleat material, and the other is an opaque, robust, 
orangey, thick, face cleat material (Figure 4.3). The two cleat sets intersect each other at 
variable angles, often at 90°. The two types of material are easily differentiated in hand 
specimen and were divided into separate vials. In each case, the white material is much 
less dense than the orange. One flake of the face cleat material exhibits banding with 
alternate light and dark orange striations on the surface. 
 
Of the drill core samples collected, 14 face cleat and six butt cleat had sufficient 
material for analysis and, of the underground samples, 28 face cleat and 29 butt cleat 
had sufficient material for analysis. For mineralogical, δ13C, and δ18O analysis, part of 
each sample was crushed into a powder in an agate mortar and pestle, which was 
cleaned between each sample. The methods used to analyse the samples by XRD and 
stable isotope mass spectrometry are outlined in Appendix B.2. 
 
Figure 4.3. Photograph of block of coal showing the orange face cleat and white butt 
cleat material. Note the flaky nature of the butt cleat compared to the robust, thick face 
cleat material. Note also that the cleat mineralisation is only present in the bright coal.
93
 94
4.5 RESULTS 
 
4.5.1 MINERALOGY 
 
Hower and Gayer (2002) stated that Bowen Basin coals characteristically have two sets 
of cleats that developed contemporaneously at the onset of compressive deformation of 
the basin during the Early to Middle Triassic. The face cleats are oriented parallel to 
structural dip and consist of clay assemblages, while the butt cleats are parallel to 
structural strike and consist of calcite and ankerite (Faraj et al., 1996; Pattison et al., 
1996). Textural relationships indicate that the carbonate formation postdates the clay 
mineralisation (Boreham et al., 1998). 
 
In the current study, two sets of cleats were also encountered but the angle between the 
two sets is irregular but often at 90°. The XRD results (Appendix Table B.2) indicate 
that the white butt cleats are composed predominantly of dawsonite (Table 4.4, Figure 
4.4), some samples contain dawsonite with a small amount of kaolinite (Figure 4.5) and 
a small number contain other carbonates including strontianite, kutnhorite 
(CaMgMnCO3) (Figure 4.6), calcite (Figure 4.7), and dolomite. Appelo and Postma 
(1994) state that pure minerals are the exception rather than the rule, but at Dartbrook 
23 samples of butt cleat contain mono-mineralic dawsonite. Faraj et al. (1996) reported 
that the butt cleats in Bowen Basin coals are dominated by calcite with minor siderite 
and illite, whereas in the current study of the Wittingham Coal Measures, on the border 
of the Gunnedah and Sydney Basins, the butt cleats are dominated by dawsonite with 
minor kaolinite and calcite and rare siderite. The orange face cleats predominantly 
contain mono-mineralic kaolinite (Figure 4.8) and some contain kaolinite with various 
carbonates including dolomite (Figure 4.9), ankerite (Figure 4.10), and dawsonite. The 
orange colour is presumably due to minor amounts of siderite and/or iron oxides. Face 
cleats in Bowen Basin coals are dominated by illite with minor kaolinite and calcite 
(Faraj et al., 1996), whereas in the current study the face cleats are dominated by 
kaolinite with minor dawsonite and calcite and rare illite. These observations indicate 
that while both basins have two sets of cleats developed in the coal, with face cleats 
dominated by clays and butt cleats by carbonates, the types of clay and carbonate 
differs. 
Degrees 20
Figure 4.4. XRD diffractogram of cleat sample containing mono-mineralic dawsonite. Note 
the prominent dawsonite peak at 16° 20.
Degrees 20
Figure 4.5. XRD diffractogram of cleat sample containing dawsonite and kaolinite. Note the 
prominent dawsonite peak at 16° 20 and the kaolinite peak at 12.5° 20.
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The observation that dawsonite occurs in both the face and butt cleats indicates that the 
fluids responsible for both were saturated with dawsonite. Dawsonite occurs in samples 
from the drill cores and the underground samples over a wide spatial expanse (Figure 
4.11) and in several coal seams other than the Wynn seam indicating that it is 
widespread in the study area. Although dawsonite occurs in 41 samples, the other 
carbonates are not very common; calcite occurs in eight samples, dolomite and 
strontianite occur in three samples, kutnhorite occurs in two samples, ankerite and 
siderite occur in only one sample. The presence of siderite in the cleat sample indicates 
that it formed from the same fluids as the other carbonates, however, most authors only 
report siderite as an early diagenetic mineral (Gould and Smith, 1979). 
 
Table 4.4. Mineral composition of face and butt cleats. The table shows the number of samples that 
each combination of minerals occur in; for example, mono-mineralic dawsonite occurred in 23 butt cleat 
samples. Note that dawsonite occurs in the face and butt cleats. 
 
Mineral Composition Face Cleat Butt Cleat 
Dawsonite  23 
Kaolinite 25  
Dawsonite + Kaolinite 5 8 
Kaolinite + Calcite 4  
Kaolinite + Siderite 1  
Kaolinite + Calcite + Ankerite 1  
Dolomite 1  
Dawsonite + Strontianite + Kutnhorite  1 
Dawsonite + Kaolinite + Calcite + Dolomite 1  
Kaolinite + Dolomite 1  
Dawsonite + Kaolinite + Quartz 1  
Kaolinite + Illite 1  
Dawsonite + Kaolinite + Strontianite  1 
Dawsonite + Kaolinite + Calcite 1  
Strontianite + Kutnhorite  1 
Calcite  1 
 
The minerals that previous studies have encountered in conjunction with dawsonite are 
summarised in Table 4.2. The majority of the minerals found with dawsonite in the 
current study occur in Table 4.2, but the mineral kutnhorite has not been reported 
previously. In contrast, many previous studies report zeolites occurring with dawsonite 
but no zeolites were detected in the cleats at Dartbrook. The zeolite analcime is fairly 
common in the thermally altered coal at Dartbrook (section 3.3.3) but it does not occur 
in the cleats, although it has been reported in the nearby Singleton Coal Measures by 
Loughnan and Goldbery (1972). Nahcolite is intimately associated with dawsonite in 
the Green River Formation (USA) and at Olduvai Gorge (Africa) but it is not present in 
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the current study area and Loughnan and Goldbery (1972) also report its absence. 
Several authors, including Loughnan and Goldbery (1972), report that nordstrandite is 
frequently associated with dawsonite but nordstrandite was not detected in the current 
study. This indicates that either it is absent or it is present at levels below the detection 
limit of the XRD process. 
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Figure 4.11. Dawsonite occurrence plotted against Easting and Northing on the ISG grid (metres). 
The shape outlined in the plot is the combined mining and exploration lease. The plot shows the location 
of all samples that contain dawsonite. 
 
The order of formation of the common carbonates in cleats at Dartbrook proposed by 
Hutton (1995b) is accepted for the current study. The sequence is precipitation of 
Hutton (1995b): 
(i) secondary calcite in fractures and cell lumen; 
(ii) dolomite and ankerite which either partially replaced calcite in veins and 
cells or infilled voids in fractures; and 
(iii) kaolinite and dawsonite, which replaced carbonates in veins and filled voids. 
This order of formation explains the widespread occurrence of dawsonite and kaolinite 
in the current study because both minerals replaced the earlier carbonates. Another 
implication of this is that the mineralising fluids were ubiquitous throughout the 
Wittingham Coal Measures. 
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4.5.2 ISOTOPIC COMPOSITION 
 
The different carbonates are discussed separately in this section. The isotopic 
composition of mono-mineralic dawsonite is discussed first, followed by dawsonite 
mixed with other carbonates and kaolinite and finally the isotopic composition of 
carbonates other than dawsonite (Appendix Table B.3) are discussed. In each section, 
the results are discussed with respect to the 
literature, spatial trends, stratigraphic trends, 
C and O sources and compared to each other. 
 
4.5.2.1 Mono-mineralic dawsonite 
The results of δ13C and δ18O analyses on the 
26 mono-mineralic dawsonite samples for 
the current study are presented in Table 4.5. 
The δ13CPDB values range from -1.7 to +2.4 
and have a standard deviation of 0.7. The 
δ18OSMOW values have a wider range (+13.6 
to +19.8) but a narrow standard deviation 
(1.7) (Figure 4.12). When compared to the 
findings of Baker et al. (1995) (δ13CPDB =     
-4.0 to +4.1 and δ18OSMOW = +9.8 to 
+19.8), the δ13C values of the current 
study are similar but have a narrower range, 
as do the δ18O values.  
 
The location of the 26 mono-mineralic 
dawsonite samples is shown in Figure 4.13 
with the locations of the Hydra and Roman 
Road dykes. All of the samples were 
collected underground from the Wynn seam, 
except AG210 which was from the shallower 
Bayswater seam and AG142 was from a drill 
core. 
Table 4.5. δ13CPDB and δ18OSMOW values for 
the 26 mono-mineralic dawsonite samples. 
The δ13CPDB values range from -1.7 to +2.4 
and the δ18OSMOW values range from +13.6 to 
+19.8. 
 
Sample No. δ13CPDB δ18OSMOW 
AG132 +0.2 +18.1 
AG133 +0.3 +17.9 
AG139 +0.2 +14.3 
AG142 +1.0 +19.8 
AG143 +0.8 +13.6 
AG145 +0.5 +19.6 
AG149 -0.1 +17.9 
AG158 +0.4 +15.6 
AG163 +0.1 +16.1 
AG165 +0.3 +14.6 
AG168 -0.9 +16.2 
AG174 -1.3 +15.8 
AG175 +0.2 +16.2 
AG181 +0.3 +16.8 
AG186 +0.5 +14.8 
AG190 +0.5 +14.7 
AG192 +0.4 +16.1 
AG194 +0.4 +17.6 
AG194 +0.5 +17.9 
AG196 +0.9 +17.1 
AG198 +0.1 +15.6 
AG200 +0.3 +14.4 
AG202 +0.3 +16.0 
AG206 +0.6 +14.5 
AG209 -1.7 +15.5 
AG210 +2.4 +18.2 
St. Dev. 0.7 1.7 
Mean +0.3 +16.3 
N 26 26 
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In Figure 4.12, the samples that were collected from the same long-wall (long-wall 7), 
samples AG181 to AG143 plot in a relatively straight line extending to the left of the 
plot, such that δ13C varies very little but δ18O decreases steadily along the long-wall 
with increasing Northing. The correlation coefficient between δ18O and Northing for the 
26 samples is 0.8, which is statistically significant at the 95% confidence level. As can 
be seen in Figure 4.13, the northern end of the long-wall is in close proximity to the 
Roman Road dyke, indicating the heat of the dyke may have caused the lowering of the 
δ18O values. The samples at the southern end of the long-wall are the farthest from the 
dyke and have the highest δ18O values of the long-wall. If the heat was not responsible 
for the lowering of the values, it may be that fluids interacting with the dyke altered the 
dawsonite δ18O values, although the fluids were probably driven by the heat. 
 
Another less defined trend is evident in the case for the Hydra dyke, whereby δ18O and 
δ13C vary systematically. The western-most sample, AG209 plots at the bottom left of 
the graph and is followed by AG174, AG168 and AG149 then AG145 and AG142, 
indicating that as the samples become more easterly, the δ13C and δ18O values increase. 
The two easternmost sampling locations, (AG132, 133, 194 and 196) should follow this 
trend and plot above and to the right of AG142 but these samples have lower δ18O 
values than expected. The eastern-most samples are also the closest samples to the 
Hydra dyke (Figure 4.13), which may have caused the lowering of the δ18O values of 
samples AG132, 133, 194 and 196. 
 
At some underground locations, two samples were collected near one another to test for 
isotopic changes on the micro level. The majority of these samples plot near one another 
in Figure 4.12 (samples are circled); for example, AG132 and 133, AG139 and 200, and 
AG186 and 190 plot very close together, while AG163 and 181, AG194 (and its repeat) 
and AG196, and AG192 and 198 plot farther apart than expected considering the 
proximity of the sampling.  
 
4.5.2.1.1 Carbon and Oxygen Source 
Not only are the current results similar to those of Baker et al. (1995) but the spatial 
extent of the two studies overlaps, suggesting a similar origin of dawsonite to that 
suggested by Baker et al. (1995). 
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Three options exist for the carbon source for the dawsonite, of which magmatic carbon 
is the most likely. The source of the carbon is not organic, despite the occurrence of 
dawsonite amidst coal seams at Dartbrook. An organic carbon source would generate 
carbonates with a δ13C signature considerably less than the average value of 0.3 
(Smith et al., 1985). Also, the narrow range of δ13C values from the current study and 
those collected throughout the BGS basin system by Baker et al. (1995) would require a 
consistent carbon signature for coal spanning the entire basin system, which is unlikely. 
The other two likely carbon sources have suitable δ13C values, namely marine carbonate 
and magma. 
 
Marine carbonate may be the carbon source for the dawsonite because marine carbonate 
fossils have δ13C values near 0 (Hoefs, 1997) and such carbonates are common in the 
Permian units of the BGS basin system (Baker et al., 1995). Alternatively, igneous 
intrusions are common in the units at Dartbrook and with a δ13C signature of -7±2 
(Hoefs, 1997), magmatic CO2 may be the source. 
 
Of the two options a magmatic carbon source is more likely for the Dartbrook 
dawsonite because: (i) major igneous activity has occurred at Dartbrook; (ii) dawsonite 
occurs widely in the BGS basin system in marine and non-marine rocks (Loughnan and 
Goldbery, 1972; Balfe and Carmichael, 1980; Baker et al., 1995); (iii) dawsonite 
deposits from other areas with similar δ13C values are associated with igneous activity 
(e.g. Boussaroque et al., 1975); and (iv) large accumulations of CO2 exist at Dartbrook. 
Coal seam gases normally contain <4% CO2 (Smith et al., 1985), however Dartbrook 
gas contains up to 96% CO2 (Doyle, pers. comm. 1999) and based on previous studies 
in the Sydney Basin it is probably magmatic in origin (Smith et al., 1985).  
 
The narrow range of the δ13C results compared to Baker et al. (1995) is due to the 
spatial extent of the two projects. Baker et al. report values from throughout the BGS 
basin system, whereas the values determined in the current study are from Dartbrook 
only and can therefore be expected to be narrower. The δ18O values, on the other hand, 
have a broad range (Figure 4.12) for such a comparatively small study site. The broad 
range of values may reflect a high level of fluid-rock interaction where the fluids 
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precipitating the dawsonite interact with external fluids. Alternatively, the variation may 
be due to the effect of local igneous intrusions. The intrusion may directly alter the δ18O 
composition through heating of the dawsonite, or the δ18O composition of the host-rock 
may be altered and this may effect the dawsonite if isotopic exchange occurs with the 
host-rock. The coal has undergone varying amounts of thermal alteration and can be 
expected to have a wide range of δ18O values, therefore the wide range in the dawsonite 
may indicate extensive interaction with the coal. 
 
The δ18O composition of meteoric water from high latitudes is strongly depleted 
(Dansgaard, 1964; Bird and Chivas, 1988) and Australia was at high latitudes during the 
Permian (Embleton, 1981). Early-formed minerals can therefore be assumed to have 
low δ18O values but as Australia drifted away from the pole, the formation waters 
became enriched in 18O (Botz et al., 1986). This explains the 18O enrichment in the 
secondary carbonates in the current study and supports the hypothesis that the dawsonite 
formed at a late stage.  
 
The oxygen isotope composition of diagenetic minerals reflects the temperature, pore 
water composition, and isotopic composition of the surrounding rock at the time of 
crystallisation (McCrea, 1950; Banner et al., 1988). Most minerals retain this isotopic 
signature because post-crystallisation exchange is uncommon at temperatures typical of 
sedimentary environments. However, calcite and, to a lesser extent dolomite, can 
undergo exchange at low temperatures. Despite these limitations, carbonate minerals 
still provide a valuable record in most sedimentary systems (Ayalon and Longstaffe, 
1995) and if exchange has occurred it is usually readily apparent. 
 
4.5.2.2 Dawsonite and Other Carbonates 
Figure 4.14 compares the isotopic composition of dawsonite in the current study to that 
reported by Baker et al. (1995). The mono-mineralic dawsonite and dawsonite mixed 
with kaolinite values from the current study are similar to those reported by Baker et al. 
(1995) but have a smaller range of δ13C and δ18O. The values for dawsonite mixed with 
calcite and dolomite, calcite, and strontianite and kutnhorite, however, plot separate 
from those of Baker et al. (1995). 
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Figure 4.14. Comparison of C and O isotopic composition of dawsonite and other 
carbonates with that of Baker et aL (1995). The majority of the samples from the current study 
plot within the range reported by Baker et al. (1995) except for the three outliers. Refer to text for 
interpretations. Ds = Dawsonite, Ka = Kaolinite, Ca = Calcite, Do = Dolomite, St = Strontianite, 
Ku = Kutnhorite, Den = Denison, Tr = Trough, Gun = Gunnedah, B = Basin, Syd = Sydney.
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The samples AG178 and 209 were collected very close to one another but vast 
differences occur in their δ13C and δ18O values (Table 4.5). An obvious difference 
between the two samples is that AG178 contains kaolinite, while the other sample does 
not. Another pair of samples AG142 and AG185 was collected from the same drill core 
10.7 m apart but vast differences exist between their δ13C and δ18O values (Table 4.5). 
One sample is from the Wynn seam, while the other is from the Bayswater seam and the 
difference between the two is larger than expected. One obvious difference once again 
is the presence of kaolinite in AG185 but not AG142. These results may indicate that 
the presence of kaolinite in the dawsonite causes a depression of the δ13C and δ18O 
values. 
 
Shieh and Suter (1979) found that calcite showed very little variation in δ18O values 
(+21.4 to +24.5). They interpreted these uniform isotopic results to indicate that the 
calcite formed at, or near isotopic equilibrium, from an aqueous solution of a relatively 
uniform isotopic composition and temperature. They state that the cleat minerals are in, 
or close to, oxygen-isotope equilibrium with present-day groundwater. They estimate 
the temperature of formation of the calcite at 13° to 28°C, implying that the oxygen in 
the calcite has exchanged with modern groundwater and that these temperatures do not 
represent the temperature of formation. The range of δ18O values from the current study 
is much larger, indicating variations in the temperature of formation, which is consistent 
with localised heating by igneous intrusions.  
 
Gould and Smith (1979) found that thermally altered siderites are enriched in 12C 
compared to the unaltered siderites and they take this to indicate substantial isotopic 
exchange of carbon between the carbonate and surrounding coked coal. Appreciable 
enrichment in the 12C, however, is not apparent in the thermally altered dawsonites in 
the current study. Very little variation in δ13C occurred in the samples and the samples 
that showed the most enrichment in 12C were not thermally altered. 
 
Gould and Smith (1979) also found that isotopically heavy calcites only occur towards 
the top of the coal seam. They suggest that escaping CO2 at the seam margin (enriched 
in 13C due to exchange with CH4) reacts with metal ions in solution or exchanges with 
pre-existing carbonates to form the calcite. Sample AG210 was collected from the 
Bayswater seam, whereas the other dawsonite samples were collected from the 
stratigraphically lower Wynn seam. Samples AG210 also has a significantly higher δ13C 
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value than the other samples (Figure 4.12), indicating that the thermally produced CO2 
rose up though the Wynn seam into the Bayswater seam to form the dawsonite. 
 
Golding et al. (1996) and Boreham et al. (1998) consider that the strongly positive δ13C 
values for calcite (Table 4.1) indicate deposition from a mixed CO2- and CH4-bearing 
fluid, possibly of magmatic origin. This is in contrast to the findings of Gould and 
Smith (1979) who found that thermally altered siderites had depleted δ13C values. Very 
little variation occurs in the δ13C values of the current study and the thermally altered 
dawsonites in the current study are not appreciably enriched in 13C. 
 
Golding et al. (1996) and Boreham et al. (1998) report that the C and O isotope results 
for calcite are broadly correlated and suggest that this co-variation indicates that the 
carbonates formed at relatively high temperatures (in excess of 150°C). The δ18O and 
δ13C values for mono-mineralic dawsonite in the current study are not correlated (Figure 
4.12; r = 0.25, N = 26), whereas a strong correlation between δ18O and δ13C does exist 
(r = 0.79, N = 38) for samples in which dawsonite coexists with other carbonates.  
 
4.5.2.3 Other Carbonates 
Figure 4.15 compares the δ18O and δ13C composition of all of the carbonates studied at 
Dartbrook with a wide range of published data (Table 4.1). This section discusses the 
isotopic composition of all of the carbonates analysed at Dartbrook in their order of 
formation (Hutton, 1995b). In each case the isotopic composition of the carbonate is 
used to draw conclusions about the environment of formation. The first carbonate to be 
considered is siderite. The siderite sample from the current study plots within the range 
of values reported by Uysal et al. (2000) and Botz et al. (1986). The primary siderite 
analysed by Botz et al. (1986) from the Sydney and Bowen Basins has a very narrow 
range of δ13C values, whereas the siderite samples analysed by Uysal et al. (2000) from 
the Bowen Basin have a very wide range of δ13C values. The cause of the variation in 
δ13C values reported by Uysal et al. is that some of the samples analysed are thermally 
altered. The secondary siderites analysed by Botz et al., however have a very wide 
range of δ13C values but a narrow range of δ18O values, indicating that a variety of 
carbon sources contributed to the carbonate. An interesting feature of Figure 4.15 is that 
the siderite samples from England, analysed by Curtis et al. (1986), have a similar 
isotopic signature to those from the BGS Basin system. The English siderites have a 
wide range of δ13C values but a very narrow range of δ18O values. 
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Figure 4.15. Comparison of C and O isotopic composition of all carbonates from the current study 
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Marine siderites generally have δ13C values of less than 8, whereas positive δ13C 
values indicate that the siderite formed in a freshwater environment (Mozley and 
Wersin, 1992). The siderite sample from Dartbrook has δ13C = -1.25, which is taken to 
indicate that the siderite formed in a freshwater diagenetic environment. Uysal et al. 
(2000) interpreted the δ18O values for their siderites (Table 4.1) to be indicative of 
formation at temperatures of less than 80ºC. The δ18O value for the siderite in the 
current study lies in the range of that reported by Uysal et al., suggesting that the 
primary siderite at Dartbrook formed during early diagenesis at low temperatures in a 
freshwater environment. 
 
The second carbonate to be considered is calcite. The mono-mineralic calcite from the 
current study has high δ18O values and plots distant from most of the other calcite 
results in Figure 4.15. The calcite samples studied by Saxby et al. (1996) were collected 
from thermally altered coal and have a very wide range of δ13C values (Table 4.1), 
which were interpreted as being indicative of fractionation between organically derived 
and thermally altered carbon. The calcite samples analysed by Uysal et al. (2000) from 
thermally altered coal also demonstrate a very wide range of δ13C values and a broad 
range of δ18O values. Uysal et al. reported values from the northern and southern 
Bowen Basin and the southern samples tend to have lower δ13C values. The calcite 
samples analysed by Botz et al. (1986) in unaltered coal, however, have a narrower 
range of δ13C and δ18O values and plot separately from those of Uysal et al. (2000). The 
calcite sample analysed by Curtis et al. (1986) from England plots distant from all other 
calcites with a low δ13C and high δ18O value. The calcite samples from Dartbrook have 
a wide range of δ13C (-13.5 to +1.0) and δ18O (+6.7 to +23.7) values, indicating 
that fractionation between organic and thermally altered carbon has occurred. 
 
The third carbonate to be considered is ankerite. The ankerite samples analysed by 
Uysal et al. (2000) plot amongst their calcite samples and the sample from Dartbrook 
containing ankerite plots nearby. These ankerite samples are strongly depleted in 18O, 
indicating a low temperature of formation. Uysal et al. (2000), however, consider this 
unlikely and propose instead that the ankerite formed as a mesogenetic diagenetic phase 
during maximum burial of the sediments at temperatures of 100-140ºC. Uysal et al. 
(2000) concluded that the ankerite probably formed through large-scale hydrothermal 
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processes from 18O-depleted meteoric fluids. This mechanism provides a viable 
explanation for the formation of the Dartbrook samples. The low δ18O value in the 
current study indicates that the ankerite was not thermally altered despite its occurrence 
near the Hydra dyke. This suggests that the ankerite formation post-dated the intrusion 
and isotopic exchange has not occurred since then. The final carbonate to be considered 
is dolomite. The dolomite sample from Dartbrook plots near those of Botz et al. (1986) 
in Figure 4.15 but it has a lower δ13C value. The dolomite sample, from the Bowen 
Basin, analysed by Uysal et al. (2000) also plots nearby but has a lower δ18O value. 
Unlike the samples from the BGS Basin system, the dolomite samples from England, 
analysed by Curtis et al. (1986), have very high δ18O and low δ13C values. The dolomite 
appears to have formed penecontemporaneously with the ankerite and the composition 
of the two carbonates are similar (Hutton, 1995b), therefore, the mechanism for 
formation is probably similar.  
 
Overall, no systematic fractionation in the carbonates is evident; i.e. siderite is not 
consistently higher in δ13C than calcite and other carbonate species and vice versa. The 
majority of the samples analysed in the current study have similar δ13C and δ18O values 
to those reported from coal-bearing sequences by previous studies. The thermally 
altered carbonates have much larger ranges of δ13C and δ18O values than the unaltered 
samples due to differences in carbon sources and temperatures of formation.  
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4.6 DISCUSSION 
 
The following section contains a description of some of the occurrences of dawsonite of 
note in Table 4.3 and describes the possible mechanisms for the formation of this 
mineral.  
  
4.6.1 MECHANISMS FOR DAWSONITE FORMATION 
 
Dawsonite is generally considered to precipitate out of sodium carbonate/bicarbonate- 
rich solutions, sometimes after reaction with pre-existing minerals. This section 
discusses these mechanisms with respect to the current study. 
 
Dawsonite may form by the attack of Na2CO3- or NaHCO3-rich solutions on pre-
existing minerals during diagenesis in environments with high pH values or CO2 
content (Hay, 1963; Goldbery and Loughnan, 1970; Aikawa et al., 1972; Goldbery and 
Loughnan, 1977; Wopfner and Höcker, 1987; Baker and Golding, 1992; Baker et al., 
1995). The occurrence and texture of dawsonite reflects the total void space available, 
the temperature and pressure conditions, the fluid chemistry and interaction with the 
coal (Tarabbia, 1994).  
 
Aikawa et al. (1972) and Volkova and Rekshinskaya (1973) both report that the 
groundwater in the vicinity of dawsonite-bearing units is abnormally rich in NaHCO3 or 
Na2CO3. They believe this solution may have reacted with a hydroaluminosilicate, such 
as montmorillonite or kaolinite, and formed dawsonite, according to the reactions 
shown in Appendix B.3. Brobst and Tucker (1974) conclude that analcime was 
converted to dawsonite under high partial pressures of CO2, according to the equation in 
Appendix B.3. Hay (1963) believes that the dawsonite and zeolites in soil in Olduvai 
Gorge, Tanganyika have formed recently by the reaction of volcanic glass and 
nepheline with solutions of Na2CO3 and NaHCO3 that were concentrated in the soil and 
surface rock layers by evaporation. Wopfner and Höcker (1987) state that unimpeded 
fluid percolation is an important requirement for diagenetic dawsonite formation. 
Wopfner and Höcker believe that nordstrandite and alumohydrocalcite 
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(CaAl2(CO3)2(OH)4.3H2O) occur as alteration products of dawsonite (Appendix B.3) 
and authigenic kaolinite sometimes replaces dawsonite. 
 
Goldbery and Loughnan (1977) report that dawsonite in sedimentary rocks in the 
western Sydney Basin is not associated with zeolites or sodium carbonates and that 
evidence of high pH values or CO2 content is lacking. These authors were unsure of the 
source of the dawsonite but they postulated that the mineral precipitated when solutions 
enriched in Al and Na permeated through the consolidated or partly consolidated 
sediments and encountered high partial pressures of CO2.  
 
Loughnan and Goldbery (1972) state that the occurrence of dawsonite in cleats, joints 
and fissures in the Singleton Coal Measures indicates that fluids with either a high pH 
or CO2 content migrated through the consolidated or partly consolidated sediments and 
peat. They stated, however, that because the occurrence of the silicate, analcime, is less 
than that of dawsonite, CO2 concentrations and not pH must have controlled the 
formation of dawsonite. Loughnan and Goldbery (1972) fail to give a source of the gas, 
but the most likely explanation would be magmatic CO2. 
 
Tarabbia (1994) identified three stages of diagenetic mineralisation comprising: (1) 
cementation by Fe-Mg-Ca carbonates, as post-coalification cleat mineralisation during 
basin subsidence; (2) Sr-Ba-Ca carbonate precipitation from thermobaric formation 
water flushing, before and during uplift; and (3) dawsonite precipitation during the 
relaxation of stresses and pressure reduction which allowed CO2 to desorb from the 
coal. Note that this carbon source is in conflict with that suggested by Baker et al., 
1995.  
 
Tarabbia states that the dissolved constituents in basinal pore fluids may have been 
present at the time of burial, or derived from the surrounding rock and organic matrix of 
the coal seams due to diagenetic exchange. The Fe, Mg and Ca from Stage 1 were 
probably derived from the latter (Tarabbia, 1994). The Sr, Ba and Ca from Stage 2 were 
probably imported into the sequence by migrating pore fluids from deeper marine units 
or feldspar albitisation (Tarabbia, 1994). Tarabbia suggests that such constituents could 
also be supplied by the devolatilisation of basement rocks during metamorphism, or 
igneous intrusions.  
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Baker et al. (1995) believe that the most probable Na and Al source for dawsonite in 
their study of the BGS basin is Na-bearing aluminosilicate minerals, particularly 
plagioclase. They report that dawsonite commonly replaces framework grains of 
plagioclase. K-feldspars and illitic clay are also replaced by dawsonite, providing an 
additional Al source. 
 
The mineralogy at Dartbrook in the current study has highlighted the abundance of 
hydroaluminosilicates, indicating that the dawsonite probably formed by the attack of 
Na2CO3- or NaHCO3-rich solutions on the hydroaluminosilicates. The physical 
relationships in the cleats indicate that the kaolinite and dawsonite formation were 
penecontemporaneous. Kaolinite dominates the face cleats and is sometimes present in 
the butt cleats. The mechanism may have involved (i) the precipitation of kaolinite 
along the face and butt cleats; then (ii) another fluid, this time enriched in Na2CO3 or 
NaHCO3 flowed through the coal, favouring the butt cleats and replacing the kaolinite. 
The source of the CO2 required for the fluids was probably magmatic. 
 
 
 
 116
4.7 CONCLUSIONS 
 
This chapter identified the dominant cleat carbonate and used the δ18O and δ13C 
composition of that carbonate to determine its carbon source and environment of 
formation. The impact of the intrusions at Dartbrook on the isotopic composition of the 
carbonate was also evaluated. The following conclusions can be drawn: 
 
(i) the butt cleats are dominated by dawsonite; 
(ii) the face cleats are dominated by kaolinite; 
(iii) the dawsonite δ13CPDB values range from -1.7 to +2.4 and have a standard 
deviation of 0.7, whereas the δ18OSMOW values have a wider range (+13.6 
to +19.8) and a narrow standard deviation (1.7); 
(iv) the dawsonite has a magmatic carbon source; 
(v) the broad range of δ18O values may reflect a high level of fluid-rock 
interaction where the fluids precipitating the dawsonite interact with external 
fluids. Alternatively, the variation may be due to the effect of local 
intrusions, either directly on the dawsonite or indirectly through the host-
coal;  
(vi) the dawsonite probably formed by the attack of Na2CO3- or NaHCO3-rich 
solutions on hydroaluminosilicates;  
(vii) overall the carbonates from Dartbrook have δ13C and δ18O values that plot 
within the range of other reported studies of carbonates from coal measures; 
(viii) primary siderite at Dartbrook formed during early diagenesis at low 
temperatures in a freshwater environment; 
(ix) the calcite samples from Dartbrook have a wide range of δ13C (-13.5 to 
+1.0) values, indicating that fractionation between organic carbon and 
thermally altered carbon has occurred; and 
(x) ankerite formation post-dated the intrusion and subsequent isotopic exchange 
has not occurred.  
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CHAPTER FIVE - GROUNDWATER CHEMISTRY 
 
5.1 INTRODUCTION 
 
This chapter investigates the groundwater composition at Dartbrook. The end members 
contributing to the groundwater composition in shallow and deep aquifers are identified. 
The spatial and temporal trends in the data are investigated, as are the δ34S and 87Sr/86Sr 
composition of the groundwater. The particular emphasis of this chapter is on the 
detection of igneous intrusions using groundwater composition. 
 
5.1.1 GROUNDWATER COMPOSITION AND USES 
 
Groundwater occurs immediately below the ground surface in zones that can be either 
unsaturated (i.e. groundwater incompletely occupies voids) or saturated (i.e. 
groundwater fills all spaces). The water table marks the boundary between these two 
zones and it is generally within a reasonable sampling distance (<100 m) from the 
surface. The use of groundwaters as sample media in geochemical exploration is 
governed by three central principles (Giblin, 2001):  
(i) solute composition is controlled by rock-water interactions;  
(ii) solute content is representative of the content of all groundwaters in aquifers 
that are hydraulically connected to the sampled aquifer; and  
(iii) chemical composition of the groundwater can be used to identify the 
minerals that have interacted with the water.  
 
Because of these three principles, groundwater is a useful tool in geochemistry. 
Groundwater is a good indicator of subsurface geology and is particularly useful for 
mineral exploration due to the ease of sampling and rapid provision of exploration data 
for a large area (Giblin and Mazzucchelli, 1997). Individual boreholes have only a small 
chance of intersecting the desirable commodity but the groundwater present in that hole 
indicates the composition of large volumes of surrounding rocks. Therefore, 
groundwater chemistry can be used to interpolate the rock composition between the 
boreholes. For example, Stetzenbach et al. (1999) analysed samples from 18 locations 
in south-western USA for major cations and 45 trace elements. These authors used 
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Principal Component Analysis (PCA) to differentiate between groundwater samples that 
discharge from dolomitic and volcanic rocks, and found a link between Ca and Mg that 
they suggested indicates carbonate rocks as a common source, while they explained a 
link between K and Na as reflecting weathering and dissolution reactions in felsic 
volcanic rocks. Other authors who have recently used groundwater geochemistry to 
interpolate aquifer geology include Deverel and Millard (1988), Smedley (1991) and 
Fee et al. (1992). The current chapter also makes use of groundwater composition to 
interpolate aquifer geology, in particular for the detection of igneous intrusions.  
 
5.1.2 GROUNDWATER PROCESSES 
 
Knowledge of the processes affecting groundwater composition and the potential source 
of the groundwater components allows the interpretation of aquifer geology. Therefore, 
if groundwater chemistry is to be used as an exploration tool then the source of the 
components needs to be known. The source of groundwater components is rock-water 
interactions, which release major and trace solutes into the groundwater, reflecting the 
aquifer geochemistry and variations in lithology (Garrels and MacKenzie, 1967; 
Souther, 1992; Giblin and Mazzucchelli, 1997; Cicero and Lohmann, 2001). Rock-
water interactions alter groundwater chemistry in several ways (Giblin, 2001) including:  
(i) incongruent aqueous alteration of minerals; 
(ii) full mineral dissolution; and  
(iii) dissolution of salts in the unsaturated zone.  
 
As a result, the major and trace element geochemistry and isotopic composition of 
groundwater are strongly related to that of the aquifer materials through which the water 
has previously flowed (Deverel and Millard, 1988; Smedley, 1991; Fee et al., 1992; 
Gosselin et al., 1992). The effectiveness of groundwater as an exploration tool is 
limited, however, by proximity to the desirable lithological unit because the further 
from a specific unit a groundwater sample is collected, the lesser the proportion of its 
total solutes are derived from that unit (Barnes and Worden, 1998; Giblin, 2001). Ion 
exchange and mineral dissolution are fundamental processes affecting groundwater 
geochemistry, therefore, these concepts are discussed in more detail in the following 
sections.  
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5.1.2.1 Ion Exchange 
Ion exchange is an adsorption/desorption process involving interaction between ions 
and minerals with an open lattice, such as clays. Clays are common weathering products 
that form due to the insolubility of Al-compounds (Appelo and Postma, 1994). These 
minerals have a net negative charge and attract cations onto their surface (Appelo and 
Postma, 1994; Price, 1996; Deutsch, 1997). Ions adsorbed onto the surface of the clay 
minerals exchange with ions in solution until ionic equilibrium is reached between the 
clay and the water (Price, 1996). The factors affecting the ion exchange capacity of a 
mineral include:  
(i) the amount of substitution in the lattice; 
(ii) surface area of the grain (solids with a large surface area may adsorb more 
ions); 
(iii) pH (the lower the pH the less sites for exchange); and  
(iv) the amount of time for interaction (Hem, 1970; Appelo and Postma, 1994, 
Deutsch, 1997; Giblin and Mazzucchelli, 1997).  
 
During ion exchange, trace elements and major cations compete for exchange sites. 
Exchange reactions mainly involve cations, while anions in groundwater have largely 
nonlithologic sources, such as connate water or biogenic sources (Hem, 1970). The net 
result of ion exchange is the alteration of groundwater chemistry.  
 
5.1.2.2 Mineral Dissolution 
A mineral in contact with groundwater may dissolve to release its components to the 
solution. The major determining factors comprise pH, Eh and salinity of the 
groundwater, and the minerals solubility product (Ksp) (Kreamer et al., 1996; Deutsch, 
1997; Giblin, 2001). Often the solution will become saturated with a secondary mineral 
that will then precipitate and ions are released (Hidalgo and Cruz-Sanjulián, 2001). The 
net result of mineral dissolution is the alteration of groundwater chemistry.  
 
Some minerals are more reactive than others and are therefore more prone to alteration 
by groundwaters. Deutsch (1997) lists the common reactive minerals in aquifers as: 
• Carbonates  calcite, dolomite, siderite 
• Sulphates  gypsum 
• Silica  chalcedony, amorphous silica 
• Oxides/hydroxides  goethite, gibbsite 
• Sulphides  pyrite 
• Silicates  clays, zeolites 
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According to Appelo and Postma (1994) the order of ease of alteration of silicate 
minerals in aquifers is (from most- to least-easily weathered): olivine, calcic 
plagioclase, augite, intermediate plagioclase, hornblende, sodic plagioclase, biotite, K-
feldspar, muscovite, and quartz. Feldspars are readily altered by CO2-rich, acidic water; 
for example, albite alters to kaolinite to release Na+ and anorthite alters to kaolinite to 
release Ca2+ (Gascoyne, 1996).  
 
The ions released by ion exchange and dissolution are carried by the groundwater and 
the concentration of the ions is buffered by the formation and dissolution of precipitated 
minerals, (for example, carbonates and sulphates) leading to saturation with respect to 
these minerals (Kimball, 1992; Giblin and Mazzucchelli, 1997; Vissers et al., 1999; 
Aiuppa et al., 2000; Frengstad et al., 2001). Groundwater composition indicative of 
saturation with any minerals implies that the groundwater has unlimited access to rocks 
containing such minerals (Giblin and Mazzucchelli, 1997). The most common mineral 
in an aquifer may not necessarily dominate the groundwater chemistry and the relative 
contribution of a mineral can change even though the mineral proportion in the 
groundwater flow-path does not change (Bullen et al., 1996). In some lithologies, 
relatively minor components may control major features of the groundwater 
composition (Hem, 1970). Carbonate reactions, in particular, are very important in 
controlling the composition of groundwater (Appelo and Postma, 1994).  
 
5.1.3 INDICATORS 
 
Many groundwater indicators may be used to determine the lithological composition of 
an aquifer. These include:  
(i) major ions (Na+, K+, Ca2+, Mg2+, Cl-, SO42- and TCO3) (González et al., 
1999; Swanson et al., 2001);  
(ii) trace elements (Kreamer et al., 1996);  
(iii) isotopes within the water molecules such as δD or δ18O (Pluta and Zuber, 
1995; Grasby et al., 2000; Grobe et al., 2000; Edmunds et al., 2002); and  
(iv) other isotopes such as 14C, δ34S or 87Sr/86Sr (Yang et al., 1996; Edmunds and 
Smedley, 2000; Rostron and Holmden, 2000).  
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In the current study of Dartbrook groundwater the major ions, trace elements, δ34S and 
87Sr/86Sr compositions are used to interpret the aquifer geology and geochemistry. The 
following section outlines the sources and usefulness of major and trace elements and 
δ34S and 87Sr/86Sr as groundwater indicators. 
 
5.1.3.1 Major and Trace Element Sources 
Groundwater components are derived from mineral dissolution or ion exchange, 
connate water or atmospheric precipitation. Ions in groundwater have affinities for one 
another due to either a shared source or a geochemical similarity and ions also have a 
use in determining the composition of the aquifer rocks. The content of each ion and its 
affinity to other ions in the groundwater at Dartbrook, together with other analyses, 
have been used to interpret the composition of the aquifer geology and determine 
whether dykes can be located. 
 
Calcium is widely distributed in rocks and soil and in most natural, fresh water it is the 
principal cation (Hem, 1970). Calcium is an essential constituent of many igneous 
minerals, particularly pyroxene, amphibole and feldspars and it occurs in some silicates 
produced during metamorphism (Hem, 1970). Calcium-bearing feldspars are very 
susceptible to weathering and alteration, the products of which are Ca2+ in solution and 
clay (Hem, 1970). Therefore, the Ca component of groundwater can be derived from 
igneous and metamorphic rocks, although the contribution is generally low because the 
rate of decomposition of the minerals is slow (Hem, 1970). The major source of Ca for 
groundwater is carbonates, which are very common in a wide range of lithologies 
(Veizer, 1983). With increasing pH and Ca content, Ca-carbonates precipitate, keeping 
the Ca content of the water buffered (Hem, 1970). These features imply that a high Ca 
content of groundwater generally indicates the presence of carbonates in the aquifer. 
 
The geochemical behaviour of Mg is substantially different to that of Ca. Magnesium 
occurs in igneous rocks in minerals such as olivine, pyroxenes, amphiboles and micas 
and in altered rocks it occurs in chlorite, montmorillonite and serpentine (Hem, 1970). 
Minor amounts of Mg are also released from K-feldspar (Gascoyne, 1996). An elevated 
Mg content of groundwater indicates that dolomite and Mg-calcite may be present and, 
if the water is at or below saturation with dolomite, concentrations of Ca and Mg should 
be nearly equal (Hem, 1970; Clark and Fritz, 1997). Dolomite and Mg-calcite are less 
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soluble than calcite and as dolomite is dissolved, calcite is precipitated (Clark and Fritz, 
1997). A high proportion of Mg in groundwater can indicate interaction with igneous 
rocks or Mg-carbonates. 
 
Strontium is fairly common in minor amounts replacing Ca or K in igneous minerals 
(Hem, 1970). In sediments, Sr forms strontianite (SrCO3) and celestite (SrSO4) and it 
also substitutes for Ca in carbonates (Krauskopf, 1967; Hem, 1970). Therefore, elevated 
levels of Sr in groundwater can indicate K-rich lithologies or carbonates. Barium is also 
released from carbonate minerals and from K-feldspars during the incongruent 
dissolution process (Edmunds et al., 2002). The Ba content of water is controlled by the 
solubility of barite, BaSO4 (Hem, 1970; Giblin, 2001; Edmunds et al., 2002) Barium is, 
however, rare in most basaltic rocks. 
 
Iron is abundant and widespread in rocks and soils, although the amount present in 
groundwater is usually small (Hem, 1970). Iron occurs in pyroxenes, amphiboles, 
biotite, magnetite and olivine in igneous rocks and it also occurs in sediments as pyrite, 
hematite and siderite (Hem, 1970). The dissolution of Fe from silicate minerals is 
usually a slow process but near-surface weathering of Fe-bearing silicates can produce 
accumulations of ferric oxide or hydroxide (Hem, 1970). Most Fe-bearing minerals 
contain Fe in its reduced form, and when these minerals are attacked by oxic water the 
Fe may be released and oxidised. An elevated Fe content may indicate the presence of 
Fe-carbonates or oxidising conditions. 
 
Zinc, Fe, Mg, Mn and Sc are geochemically similar and occur in ferromagnesian 
minerals such as pyroxenes, olivine and hornblende in igneous rocks, and they are also 
commonly present in carbonates. The occurrence of these elements in groundwater is 
usually taken to indicate the presence of Fe-carbonates. Manganese is often a better 
indicator of Fe-carbonates than Fe itself (Giblin, 2001). 
 
Nickel and Co are geochemically similar and, due to their affinity with Fe, Mg and Mn, 
both are common trace elements in mafic and ultramafic rocks (Hem, 1970; Edmunds et 
al., 2002). Cobalt carbonate (sphaerocobaltite, CoCO3) has very low solubility but it is a 
very minor constituent of carbonate rocks (Hem, 1970). These trace metals indicate the 
presence of mafic igneous rocks or carbonates in the aquifer. 
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Vanadium and Cr have anionic and cationic forms in natural water; V3+, V4+, Cr3+ and 
Cr6+ form cations, while Cr2O72-, CrO42- and complexes of V5+ species are anionic 
(Hem, 1970). Both V and Cr are abundant trace metals in mafic and ultramafic rocks 
(Giblin, 2001; Edmunds et al., 2002) and can therefore be used as a tracer of these rock 
types.  
 
Large amounts of Na are released when evaporites containing halite (NaCl) are 
dissolved. Sodium occurs in igneous rocks and to a lesser extent in sediments lacking 
halite (Hem, 1970). Sodium-bearing feldspars (e.g. albite) are susceptible to weathering 
and yield Na+ to solution (Hem, 1970). Another obvious source of Na is marine water 
and in areas where Na is the dominant cation, it is usually due to the release of connate 
saline water from pores in sedimentary rocks (Martel et al., 2001).  
 
Potassium is liberated from silicate minerals with greater difficulty than Na and exhibits 
a strong tendency to precipitate in weathering products (Hem, 1970). Potassium is a 
major component of many silicates including feldspars (sanidine, orthoclase, and 
microcline), micas, and leucite but these minerals are very resistant to weathering (Hem, 
1970; Gascoyne, 1996). Despite the abundance of K in igneous rocks, few fresh 
groundwaters have K contents exceeding or even nearly equal to the Na content (Hem, 
1970). The felsic-associated trace elements U and Mo also indicate felsic rocks (Giblin 
and Mazzucchelli, 1997). 
 
Sulphur occurs in igneous and sedimentary rocks in the form of sulphides and it also 
occurs in igneous minerals of the felspathoid group. Interaction with oxic water forms 
soluble sulphate. Other sources of S are evaporite minerals, particularly gypsum 
(CaSO4.2H2O), and atmospheric precipitation in shallow groundwater (Hem, 1970). 
Due to the chemical similarity of S, Se and As all three elements can be expected to 
occur together in groundwater but with Se and As in lower amounts than S (Brewstar, 
1994). The solubility of As in groundwater is also dependent on the O and Fe content of 
the water (Jain and Ali, 2000). Uranium forms complexes with carbonates and sulphates 
(Hem, 1970; Payne et al., 1992) and occurs in groundwater in association with sulphate 
and/or the carbonate cations such as Ca and Mg. 
 
 124
Chloride occurs in igneous rocks in sodalite [Na8Cl2(AlSiO4)6] and chlorapatite 
[Ca5(PO4)3Cl]. In sedimentary rocks Cl occurs in pore spaces as trapped connate brine 
originally of marine source. It also occurs as halite (NaCl) crystals or in solution in 
sedimentary rocks that were exposed to seawater. Chloride is present in all natural 
waters but the concentration is mostly low (Hem, 1970). A potential source of Cl in 
shallow groundwater is atmospheric precipitation, particularly in coastal regions (Hem, 
1970). Bromide is similar in chemical behaviour to Cl, but much less abundant (Hem, 
1970).  
 
The link between lithology and groundwater composition is contentious for B. 
Arnórsson and Andrésdóttir (1995) and Hem (1970) state that the concentration of B is 
lowest in basalt and highest in evaporites and some sedimentary rocks, suggesting that a 
low B content indicates the presence of igneous rocks. Barth (2000), however, states 
that B is easily removed from igneous rocks by groundwater and is not easily removed 
from other rock types; therefore, a high B content indicates the presence of igneous 
rocks. 
 
5.1.3.2 Strontium Isotopes 
Strontium-87 is a radiogenic isotope generated by the decay of 87Rb but the rate of 
decay of the parent is so slow (its half-life is 49 billion years) that on the timescale of 
groundwater evolution the 87Sr/86Sr of Sr sources is essentially stable (Bullen et al., 
1996). Strontium readily substitutes for Ca in carbonates, sulphates, feldspars and other 
rock-forming minerals. Strontium participates in water-rock reactions and is a minor 
component of most groundwaters. Minerals have distinctive 87Sr/86Sr ratios (McNutt et 
al., 1987; Armstrong et al., 1998; Banner et al., 1988; Böhlke and Horan, 2000; Négrel 
et al., 2000; Pennisi et al., 2000) and these are picked up as groundwater removes Sr 
from the aquifer rocks (Bullen et al., 1996). Strontium isotopes can therefore be used to 
determine the mineralogy and lithology of aquifer rocks and estimate the relative 
contributions of carbonate and silicate lithologies to groundwater chemistry (Bullen et 
al., 1996). For example, the presence of carbonates and calcium sulphates in aquifers 
has been identified using groundwater 87Sr/86Sr ratios by McNutt et al. (1987) and 
Grobe et al. (2000). 
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Strontium isotope ratios are very useful in groundwater studies because they closely 
reflect the composition of the aquifer material (Frape et al., 1984; Gasparon and 
Collerson, 2000). If groundwater is in equilibrium with aquifer rocks then the water 
should have the same 87Sr/86Sr value as the rock. If, however, selective exchange has 
occurred with some minerals but not others, the groundwater and rock will not have the 
same 87Sr/86Sr value (McNutt et al., 1987; Johnson and DePaolo, 1994). 
 
The abundance of 87Sr, the daughter of 87Rb, is linked directly to the geochemistry of K 
because Rb+ readily substitutes for K+. Therefore, K-rich rocks will have high 87Rb and 
87Sr contents and this is reflected in the elevated 87Sr/86Sr ratio of the groundwater that 
has equilibrated with the rocks (Bullen et al., 1996). Conversely, mafic igneous rocks, 
marine carbonates and Ca-evaporite minerals have low 87Sr/86Sr ratios (Collerson et al., 
1988; Banner et al., 1989), but as all rocks weather, erode and go through progressively 
more sedimentary cycles the ratio will increase due to the progressive accumulation of 
K and Rb in clays. 
 
The 87Sr/86Sr ratio of groundwater has been used by the following authors to identify the 
aquifer rock types: Frape et al. (1984); McNutt et al. (1987); Collerson et al. (1988); 
Banner et al. (1989); Johnson and DePaolo (1994); Bullen et al. (1996); Yang et al. 
(1996); Böhlke and Horan (2000); Gasparon and Collerson (2000); Grobe et al. (2000); 
Négrel et al. (2000); Rostron and Holmden (2000); and Martel et al. (2001). 
 
5.1.3.3 Sulphur Isotopes 
Sulphur sources have definite isotopic signatures that can be used to determine the 
contribution of different sources to the groundwater (Nielsen, 1974; Fontes, 1980; 
Krouse, 1980; Wadleigh et al., 1994). The isotopic composition of S is fractionated by 
each of the production and transport processes involved in the S cycle due to mass 
differences that slightly favour the incorporation of one isotope over another (Nielsen, 
1974; Krouse, 1980). Although physical processes can cause fractionation, the largest 
variations arise from chemical processes, such as bond-breaking reactions and 
differences in chemical reaction rates (Nielsen, 1974). In the case of groundwater, δ34S 
ratios change in response to water-rock interactions (Kimball, 1992). The signatures of 
individual S sources vary greatly, with δ34S ranging from -65 to +120 (Hoefs, 1997). 
If a sample is deficient in 34S and therefore enriched in 32S, that sample is commonly 
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described as light. Conversely, if the sample is enriched in 34S the sample may be 
described as heavy. Light S, for example, is released as igneous rocks undergo 
weathering and alteration (Kimball, 1992), while carbonate rocks release heavy S 
(Grasby et al., 2000).  
 
The δ34S content of groundwater has been studied by the following authors to identify 
aquifer rock types: Kimball (1992); Edmunds et al. (1996); Yang et al. (1996); Barbecot 
et al. (2000); Douglas et al. (2000); Grasby et al. (2000); and Martel et al. (2001). 
 
5.1.3.4 Summary 
In conclusion, the groundwater major and trace element composition can be used to 
determine the identity of aquifer rocks. The groundwater indicators of mafic/ultramafic 
rocks are relatively high contents of Mg, Ni, Co, Mn, Zn, Sc, and Cr (Veizer, 1983; 
Giblin and Mazzucchelli, 1997; Giblin, 2001; Edmunds et al., 2002). Felsic rocks, 
especially those lithologies that are K-rich, have several reliable groundwater indicators 
(Giblin and Mazzucchelli, 1997). The main source of Rb and Cs is the release from 
feldspars and some clay minerals and, as such, these elements are excellent indicators of 
K-rich lithologies (Edmunds et al., 2002). Rubidium occurs at much lower abundances 
than K but its high mobility makes it useful for tracking K-rich lithologies (Giblin, 
2001). Caesium has a strong affinity with K and Rb but it is less abundant and therefore 
is the most sensitive groundwater indicator of K-rich rocks (Giblin, 2001). Some other 
groundwater indicators of felsic rocks are the felsic-associated trace elements U and Mo 
(Giblin and Mazzucchelli, 1997). 
 
Several elements also allow the differentiation between a volcanic and carbonate 
influence on the groundwater. Volcanic groundwater has relatively high Na, K, and Al 
and low TDS (total dissolved solids), while carbonate groundwater has higher Ca, Mg, 
Sr and TDS (Barnes and Worden, 1998; Stetzenbach et al., 1999, 2001; Edmunds and 
Smedley, 2000; Grasby et al., 2000).  
 
High 87Sr/86Sr ratios in groundwater indicate the presence of K-rich minerals in the 
aquifer, while low 87Sr/86Sr ratios indicate mafic minerals, marine carbonates or Ca-
evaporites. Each mineral has a distinctive 87Sr/86Sr signature that can be used to identify 
the aquifer composition. 
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5.1.4 AQUIFERS 
 
In interpreting groundwater results, two important considerations are the amount of 
confinement of the aquifer and the depth of the aquifer. The extremes of aquifer 
confinement are confined aquifers with little or no interaction with other aquifers, and 
unconfined aquifers that have free movement of water between aquifers. Semi-confined 
aquifers occupy an intermediate position and have some infiltration of other waters.  
 
Confined or semi-confined aquifers place at least some limitation on the composition of 
groundwater and thus provide the best samples for ease of interpretation (Hem, 1970). 
For an aquifer to be confined, an impervious confining layer such as a shale aquitard is 
required (Younger, 1993). In reality, however, the majority of aquifers are semi-
confined or unconfined (Navada et al., 1993) and therefore the groundwater is difficult 
to interpret unequivocally due to the enormous number of possible reactions and 
interactions that can occur (Appelo and Postma, 1994). Several factors including 
lithology in the groundwater flowpath, the presence of dykes, joints, faults and other 
geological structures and mining influence the level of confinement in an aquifer. 
Because Dartbrook has active mining of coal measures intruded by dykes the possible 
impact of each of these is discussed in the following sections.  
 
The other major factor influencing groundwater composition is depth. In many cases 
groundwater compositions show major variations with depth (Frape et al., 1984; Appelo 
and Postma, 1994; Dutton, 1995; Smellie et al., 1995; Barnes and Worden, 1998; Stober 
and Bucher, 1999; Douglas et al., 2000; Weaver et al., 2000). An example of depth-
induced differences in groundwater chemistry is that shallow groundwater often reflects 
seasonal variations in precipitation (Clark and Fritz, 1997) and interaction with soil 
(Hem, 1970). The seasonal variation of all meteoric water is strongly attenuated during 
transit and storage in the ground and the degree of attenuation varies with depth to the 
extent that deep groundwater shows no seasonal variations (Hoefs, 1997; Grasby et al., 
2000). Sultan et al. (1997), however, found no obvious variations in groundwater 
composition with depth in their study of groundwater from lower than 1000 m. 
Therefore, the groundwater data from Dartbrook have been investigated to determine if 
any variations with depth occur.  
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5.1.4.1 Lithology 
Rock type is very important in determining aquifer confinement because the 
transmissivity of the rock is governed by properties such as hydraulic head, porosity and 
permeability (Giblin, 2001). Coal measures are commonly highly stratified with 
interbedded sandstones that act as aquifers, and shales that act as confining layers. Coal 
seams themselves can also act as aquifers allowing groundwater transmission along 
cleats or joints (Younger, 1993; Strellis et al., 1996; Mackie Environmental Research, 
2000). As a result, coal measures commonly possess many semi-confined aquifers. The 
susceptibility of coal to cracking, however, limits the level of confinement, especially in 
tectonically active or magma-intruded regions.  
 
5.1.4.2 Dykes 
Areas that have been intruded by dykes are highly jointed and faulted (Tantawi et al., 
1998) and this has a large impact on groundwater flow (Lohe, 1995). Dyke-induced 
fractures can lead to less confinement in aquifers, causing a major change in the 
groundwater regime. Intrusions not only cause fractures that act as pathways for 
groundwater flow, the intrusions themselves may act as physical barriers to the flow 
(Bullock and Bell, 1995). 
 
5.1.4.3 Mining 
Another influence that can cause the disruption of aquifers is mining. Mining causes 
groundwater depressurisation of coal seams. As the mine workings are abandoned, 
cracking occurs in the goafed areas providing pathways for pressure dissipation into 
overlying lithologies (Mackie Environmental Research, 2000). The depressurisation and 
cracking occurs to such an extent that large areas of coalfields are progressively 
dewatered and eventually the natural groundwater system is completely disrupted by 
mine workings (Younger, 1993). In fractured rocks, modelling groundwater flow and 
interpreting the processes contributing to the groundwater composition is difficult 
(Selroos et al., 2002). The groundwater is not confined at Dartbrook and as mining 
continues it is progressively becoming less confined. These factors combine to make the 
interpretation of groundwater chemistry at Dartbrook difficult. 
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5.2 METHODS 
 
This section contains a description of the methods used to collect, pre-treat and analyse 
groundwater samples. Groundwater samples were taken from drill-holes, leaking coal 
seams in the underground workings and in-seam drainage boreholes. A total of 53 
groundwater samples were collected over a period of 619 days, from 13/8/99 to 23/5/01. 
 
The first section details the groundwater collection procedures. The anatomy of the 
collector is described, followed by a description of the preparation, sampling, storage 
and filtration techniques used, and analysis.  
 
Down-hole samples were generally taken a few days after drilling to allow the settling 
and stratification of the water and reduction of turbidity from the drilling mud. Soon 
after the holes were drilled they were grouted closed, resulting in only a narrow window 
of sampling opportunity for each drill-hole. Sometimes the water was still turbid when 
the samples were taken. 
 
5.2.1 COLLECTION 
 
Groundwater samples were collected from 31 sites within the mine-lease (Figure 5.1). 
The apparatus used to collect the down-hole groundwater samples is described in 
Appendix C.1.1. The methods used to prepare the bottles for collection then the storage 
and filtration of the samples are given in Appendices C.1.2 and C.1.3. 
 
5.2.1.1 Sampling 
Down-hole samples were taken by slowly lowering the baler down the hole to the 
nominated depth then hand winching it to the surface. The core logs were investigated 
prior to groundwater sampling in order to allow collection from the different coal 
seams. If more than one sample was taken from different depths in the same hole, the 
uppermost samples were taken first so as not to disturb the stratification. Between each 
sample, the baler was cleaned inside and out using reverse osmosis water. Once the 
sample was retrieved, the pH and temperature were determined and the sample poured 
into a clean, one litre HDPE bottle.  
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Groundwater flows out of the walls and roof of the underground workings in several 
sections, especially in the Hunter Tunnel under the Hunter River. Samples were 
periodically taken from several sites underground by simply holding the sample bottle 
under the drip, rinsing the bottle out and then taking a one litre sample (Figure 5.2). The 
roof has mesh bolted to it for stability and the coal conveyor belt is also suspended from 
the roof. The groundwater often runs down through rocks that are sitting on the roof 
mesh, down galvanised pipes, off the conveyor belt and out of gutters than run along the 
edge of the belt, therefore the samples may be contaminated by any of these sources.
In-seam boreholes exist in the underground workings to drain groundwater and gas out 
of the seams. Samples were taken from any drainage bores that were making water. The 
bore holes are cased with metal pipes, which is a potential source of contamination but 
the water is only in contact with the metal for a relatively short period of time. The bore 
holes drain out into a common water trap, a sample was taken from one of these.
All sample bottles were completely filled, leaving no head space for gas exchange.
F*gure 5.2. Photograph of groundwater sampling in the mine. Water runs out of the mine roof and 
^ P les  were collected by standing under the drip.
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5.2.2 ANALYSIS 
 
5.2.2.1 Major and Trace Element Chemistry 
The concentration of Na, Mg, Ca, Br, Sr and 62 other trace elements were analysed in 
the groundwater samples by ICPMS. Potassium, P1, S and Fe were analysed by ICPOES 
and Cl was analysed volumetrically. 
 
The samples were analysed in two batches by ICPMS, by the same lab. The detection 
limit for some elements differs between the two sets, as outlined in Appendix Table 
C.12. The data from the two batches were combined and samples with concentrations 
below the detection limit (dl) were assigned the values of dl/107 for principal 
component analysis because a zero or a blank cannot be used in multivariate statistical 
analyses, and left blank for all other analyses. 
 
Multiple samples were taken from several locations over time. These samples allow a 
temporal trend to be investigated. In cases where samples from the same location 
contain an element that has been otherwise excluded from the analyses, the temporal 
trend in that element has been investigated; for example, Li in the samples from 
KH26CT (section 5.3.1.3).  
 
An average value was used for repeat samples analysed by ICPMS. A comparison of 
repeat analyses is displayed in Appendix Figure C.1. Iron was analysed by ICPMS and 
ICPOES, the ICPOES results appear to be more reliable because ICPMS is not a good 
technique for light elements. Therefore, the results from ICPOES were used. 
 
5.2.2.2 Sulphur Isotopes 
The groundwater samples were preconcentrated by evaporation. The samples were 
acidified with 6M HCl and BaCl2 was added to precipitate BaSO4. The BaSO4 was 
filtered out of the solution and combusted to form SO2. The SO2 was analysed by mass 
spectrometry and the S isotope ratios were calculated.  
 
                                                 
1 Phosphorous was not detected in any samples. 
2 Iron was only analysed in the second batch of samples. 
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5.2.2.3 Strontium Isotopes 
The Sr in the groundwater samples was preconcentrated using cation exchange columns. 
Pure SrCl2 was precipitated and collected from each sample. The SrCl2 dissolved and 
dropped onto a Ta filament and dehydrated. The filament was heated to oxidise the 
SrCl2 to SrO. The SrO on the filament was run through the TIMS and the strontium 
isotope ratios were measured. 
 
5.2.2.4 Principal Component Analysis 
Principal component analysis is an increasingly popular, powerful multivariate 
statistical technique for identifying factors controlling variability in geochemical data. 
Multivariate techniques help to simplify and organise large data sets and allow useful 
generalisations that can lead to meaningful insights (Laaksoharju et al., 1999; 
Stetzenbach et al., 1999). The advantage of PCA is that all variables in a data set can be 
examined simultaneously, rather than the traditional method of comparing two variables 
in an x, y plot or three in a 3D plot (x, y and z) (Laaksoharju et al., 1999). PCA has been 
successfully used recently by Smellie et al. (1995), Kreamer et al. (1996), Yang et al. 
(1996), Deverel and Millard (1998), Laaksoharju et al. (1999), Stetzenbach et al. (1999, 
2001), and Facchinelli et al. (2001). 
 
Most statistical techniques require a normal distribution of data, but this is not required 
for PCA because it is based solely on eigenanalysis of the correlation or covariance 
matrix (Meglin, 1991). Groundwater data rarely have a normal distribution (Kimball, 
1992). Deverel and Millard (1988) found that their data had a log-normal distribution 
rather than being normally distributed and performed regression analysis on the natural 
log of their data. Smedley (1991) presented frequency distribution histograms of 
groundwater geochemical data that are neither normal nor lognormal. Elements in the 
current study have variable distributions, some approach normal or log-normal 
distribution, others have no similarity to either (Figure 5.3).  
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*'lgUre 5.3. Frequency distribtuion of the major ions. Count refers to the number of samples. Note 
“tat none of the ions have a normal distribution.
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5.3 RESULTS 
 
This section reports the results of the groundwater analyses. It describes, in turn, the 
major and trace element chemistry, the results of the δ34S analyses, and the 87Sr/86Sr 
findings. Spatial trends in the samples are discussed and the groundwater is tested for an 
igneous influence. The temporal trends in samples taken from the same location over 
time are investigated. Finally, the trends from samples taken from different depths in the 
same drill-hole are discussed.  
 
5.3.1 MAJOR AND TRACE ELEMENT CHEMISTRY 
 
In this section the major and trace element chemistry of the groundwater samples is 
investigated, the marine contribution is discussed and the end members contributing to 
the groundwater composition are identified.  
 
Giblin (2001) states that for major ions to be compared, absolute concentrations should 
be used (a normalised value calculated by (anion/Σanion) in meq/L). Accordingly, 
graphs of the ratio of each cation to total cations and anion to total anions were prepared 
(Figures 5.4 to 5.14), as was done by Tantawi et al. (1998). Some graphs from the same 
location from different days show some similarities in the anions and cations but some 
graphs show obvious differences. This is discussed further in the section on temporal 
variation. Some samples have no Fe, while others have >70% Fe and the same is true 
for S. This will be discussed further in later sections.  
 
Two samples were collected from RDH461 (AG104 and AG114) at the same time by 
Dartbrook staff. The two samples have very different major cationic composition but 
very similar anionic composition (Figure 5.4). The difference in cationic composition 
most probably indicates contamination during sampling. 
 
Two samples were also collected from RDH467 (AG106 and AG93) at the same time 
by Dartbrook staff. The two samples have very different major cationic content, 
particularly with regards to Fe and quite different anionic compositions (Figures 5.9 and 
5.10). The difference in cationic composition, like that in the samples from RDH461 
most probably indicates contamination during sampling. 
 
AG126
Cations
AG101
Cations
AG126
Anions
K
1%
Ca
6% ci 192% ■
AG101
Anions HCCb
39%
Figure 5.4. The major cation and anion composition of AG102, 104, 114, 126, and 101. The
percentage composition of each ion is shown.
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5.3.1.1 Element Affinities 
Element affinities in the groundwater chemistry results were examined using 
correlations, unrotated principal component analysis, and by investigating the spatial 
trends of the data. The groundwater data were arbitrarily divided into two subsets  a 
shallow subset, which consist of samples derived from depths above 22 masl, and a 
deep subset containing samples extracted from below that depth. The data are divided 
because the majority of shallow samples were collected from very near the surface from 
drill-holes and may have been diluted by run-off in the three to five days between 
drilling and sampling. Therefore these shallow samples that may have misleading 
chemistry are separated from the deep samples to ascertain if any differences exist (see 
Figure 5.15 for the location of the deep and shallow water samples). The chemistry of 
the entire data set (combined) is evaluated along with the shallow and deep subsets. 
 
The pH values for all the water samples in this study lie between 6.61 and 9.5. The 
concentration of each species was converted to meq/L to give an indication of the ion 
balance, which should equal zero because aqueous solutions have an overall charge 
balance. The overall charge of most samples however, is not zero and this must be due 
to the occurrence of carbonate/bicarbonate which was not analysed for any samples. 
Between the pH of 6.3 and 10.3 the carbonate content of water is dominated by 
bicarbonate (HCO3-) (Hem, 1970) (see figure 4.6 of Appelo and Postma, 1994). 
Therefore, the HCO3- concentration was inferred to balance the excess positive charge 
in most samples.  
 
Swanson et al. (2001) calculated the TDS by summing the concentrations of cations and 
anions for each sample. Accordingly, the same was done for each data set in the current 
study and the resultant TDS values were plotted in the GIS but these data do not show 
any obvious spatial trends.  
 
According to Frape et al. (1984), groundwater data can be divided based on the TDS 
content into: brine >100 000 ppm; saline 10 000  100 000 ppm; brackish 1000  
10 000 ppm; and fresh <1000 ppm. Based on this classification scheme, all of the 
groundwater samples in the current study are brackish, except for one saline sample 
(Table 5.1). The salinity of the groundwater at Dartbrook varies from 1.3 to 23. 
Strellis et al. (1996) analysed five samples of saline groundwater (TDS = 33.5 to 
51.6) seeping through coal seams from two underground coal mines in Jefferson and 
Washington counties, USA, which is much more saline than the water from the current 
study. 
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Table 5.1. The amount of total dissolved solids in each groundwater sample. Note that all samples are 
brackish (10 000 > TDS > 1000 ppm) except for the saline (100 000 > TDS > 10 000 ppm) sample that is 
shaded.  
 
Sample TDS (mg/L) Sample TDS (mg/L) 
AG102 2644 AG97 4795 
AG104 2789 AG99 3624 
AG114 2717 AG106 2772 
AG126 3330 AG93 1374 
AG101 3115 AG110 3100 
AG95 2739 AG80 3133 
AG123 3727 AG115 3824 
AG88 3000 AG79 3328 
AG100 3454 AG77 3490 
AG112 1746 AG125 2703 
AG96 1666 AG85 1787 
AG124 2341 AG113 2030 
AG94 2282 AG89 2833 
AG86 1933 AG119 2853 
AG90 2254 AG81 3566 
AG76 2239 AG82 3223 
AG111 1445 AG107 2755 
AG105 1685 AG109 4329 
AG122 3838 AG108 3670 
AG92 1426 AG118 3388 
AG120 3495 AG75 2813 
AG98 2063 AG121 23099 
AG84 1655 AG83 5562 
AG103 2530 AG74 5879 
AG73 1899 AG87 8081 
AG78 2765 AG116 1581 
AG91 2683   
 
Frape et al. (1984) compared TDS to the concentration of the major ions and found a 
linear relationship with Ca, almost linear with Na, Cl and Br and complete scattering 
with Mg. Plots of TDS against the major ions in the combined data of the current study 
produce a quasi-linear response to Cl, Na, Ca and Br and no link to Mg, S or K (Figures 
5.16 and 5.17). Analogous plots for the deep data do not show any greater similarities to 
TDS than in the combined data.  
 
The normalised content of each ion (converted to a percentage), the average and the 
standard deviation are reported in Table 5.2 for anions and Table 5.3 for cations in 
decreasing order of contribution. Some elements with low numbers of observations 
make surprisingly high contributions, for example B and Li (n = 9 and 15 out of 53 
respectively). These elements were excluded from the statistical analyses in the 
subsequent sections because the minimum number of records was set at 20.  
 
F ig u r e  5.16. The re la tio n sh ip  betw een TDS a n d  the m a jo r  ions Cl, Na, Ca, a n d  Br. Note the 
quasi-linear responses to all four ions. Each of the correlations shown is statistically significant at the 
95% confidence level.
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Table 5.2. The percentage of each anion compared to the total anions averaged over the entire data 
set. The elements are arranged in order of decreasing percentage content. N is the number of samples 
that each element was detected in. 
 
Element Average Standard Deviation N 
Cl 60% 24% 53 
HCO3 43% 23% 46 
SO4 3.0% 4.8% 39 
Br 740 ppm 320 ppm 53 
I 8.4 ppm 6.8 ppm 27 
Se 4.1 ppm 1.4 ppm 32 
As 3.9 ppm 6.5 ppm 53 
 
Table 5.3. The percentage of each cation compared to the total cations averaged over the entire 
data set. The elements are arranged in order of decreasing percentage content. N is the number of 
samples that each element was detected in. 
 
Element Average Std. Dev. N Element Average Std. Dev. N 
Na 59% 28% 53 Ge 3.1 ppm 1.1 ppm 26 
Fe 39% 29% 23 Ag 1.1 ppm 0.7 ppm 3 
Mg 17% 18% 51 Ga 0.8 ppm 1.0 ppm 4 
Ca 5.7% 4.5% 53 Sb 0.74 ppm 0.69 ppm 9 
K 1.2% 1.9% 53 U 0.64 ppm 0.81 ppm 22 
B 6200 ppm 1000 ppm 9 Hg 0.41 ppm 0.34 ppm 2 
Sr 1900 ppm 1300 ppm 53 Cs 0.38 ppm 0.40 ppm 46 
Li 1700 ppm 1800 ppm 15 Cd 0.26 ppm 0.28 ppm 4 
Ba 470 ppm 840 ppm 53 Tl 0.17 ppm 0.10 ppm 27 
Al 73 ppm 23 ppm 27 Eu 0.13 ppm 0.08 ppm 20 
Mn 70 ppm 310 ppm 30 Y 0.11 ppm 0.05 ppm 7 
Zr 58 ppm 175 ppm 48 Ce 0.10 ppm 0.06 ppm 3 
Zn 35 ppm 94 ppm 45 Nd 0.062 ppm 0.036 ppm 3 
Cr 19 ppm 24 ppm 53 La 0.050 ppm 0.029 ppm 3 
Cu 18 ppm 43 ppm 24 Te 0.037 ppm 0.010 ppm 5 
Ti 17 ppm 10 ppm 7 Ru 0.035 ppm 0.002 ppm 3 
Pb 14 ppm 37 ppm 8 Nb 0.025 ppm 0.006 ppm 2 
Rb 12 ppm 20 ppm 53 Th 0.025 ppm 0.010 ppm 2 
Be 8.8 ppm 64 ppm 16 Pr 0.019 ppm 0.003 ppm 2 
V 8.7 ppm 13 ppm 53 Sm 0.016 ppm 0.005 ppm 2 
Ni 7.7 ppm 16 ppm 39 Dy 0.013 ppm 0.005 ppm 2 
W 7.1 ppm 24 ppm 31 Gd 0.01 ppm  1 
Mo 5.4 ppm 15 ppm 44 Hf 0.01 ppm  1 
Co 4.0 ppm 10 ppm 26 Er 0.01 ppm  1 
Sc 3.7 ppm 2.5 ppm 53 Yb 0.01 ppm  1 
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5.3.1.1.1 Combined Data 
The groundwater chemistry data (Appendix Table C.2) were correlated to determine the 
relationships between the elements (see Table C.3 in the Appendix for the correlation 
matrix). Only elements that were present (above the detection levels) in at least 20 
samples were included in the analyses. With an N of at least 20 a correlation coefficient 
of ≥0.44 is required for statistical significance at the 95% confidence level. Table 5.4 
shows the elements that survived the culling process, as well as those that were 
excluded because they were not detected in sufficient samples. Unrotated principal 
component analysis (PCA) was also performed on the data, and Table 5.5 shows the 
results for the three main components. Stetzenbach et al. (2001) and Laaksoharju et al. 
(1999) both plotted their PC scores and visually inspected the plot to discover 
clustering/similarities. The same approach was used in the current study (Figures 5.18 
and 5.19). The trends in these graphs are discussed in the following sections. 
 
Using the PCA results as a guide, the elements were grouped into affinities (Table 5.6). 
The groups are based on the components; elements with significant positive correlations 
to component one were assigned to group one and so on. In most cases the elements in 
each group correlate to one another and have similar spatial patterns. Some elements 
have particularly high r-values to each other; for example, r = 0.97 between K and Rb in 
group two. Some elements show low, yet significant, correlations to more than one 
component; for example Sc. This indicates that these elements have affinities with more 
than one mineral or source. Some elements, however, have low r-values to some 
elements in the group and non-significant r-values to the others; these are marked in 
Table 5.6. The pH does not correlate significantly to any element.  
 
Group one contains 10 elements (Table 5.6), all of which correlate well to each other. 
These elements vary in unison and therefore probably have the same source. Some 
group one elements (Mg, S, Cl, Se and Br) correlate positively to reduced level (RL), 
indicating that with decreasing RL (i.e. increasing depth), the concentration decreases. 
In contrast, the group two elements K, Cr, Cu, Rb, Zr, I, Cs, and Ba correlate negatively 
to RL. This is discussed further in section 5.3.1.4 on aquifers.  
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Table 5.4. Elements included and excluded in the groundwater analyses and the number of values 
for each element. The elements in the excluded column were culled from the analyses due to insufficient 
numbers of values above the detection limit. The minimum required number of values is 20. 
 
Included   Excluded  
Element N  Element N 
HCO3 46  Li 15 
Na 53  Be 16 
Mg 51  B 9 
Al 27  P 0 
S 39  Ti 7 
Cl 53  Ga 4 
K 53  Y 7 
Ca 53  Nb 2 
Sc 53  Ru 3 
V 53  Rh 0 
Cr 53  Pd 0 
Mn 30  Ag 3 
Fe 23  Cd 4 
Co 26  Sn 0 
Ni 39  Sb 9 
Cu 24  Te 5 
Zn 45  La 3 
Ge 26  Ce 3 
As 53  Pr 2 
Se 32  Nd 3 
Br 53  Sm 2 
Rb 53  Gd 1 
Sr 53  Tb 0 
Zr 48  Dy 2 
Mo 44  Ho 0 
I 27  Er 1 
Cs 46  Tm 0 
Ba 53  Yb 1 
Eu 20  Lu 0 
W 31  Hf 1 
Tl 27  Ta 0 
U 22  Re 0 
   Os 0 
   Ir 0 
   Pt 0 
   Au 0 
   Hg 2 
   Pb 8 
   Bi 0 
   Th 2 
 
Some elements are difficult to group due to incomplete records. For example, Mn 
correlates strongly to S and Ca (r = 0.85 and 0.88 respectively) but its spatial pattern is 
very different to these two elements. The reason for this is that Mn is only represented 
in 30 out of 53 samples and therefore it correlates very well for those 30 samples but the 
rest are zeros. This indicates that caution must be used when basing findings on 
statistics alone; it is for this reason that a GIS was produced plotting all of the elements 
against Easting and Northing. 
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Table 5.5. Principal component analysis of the combined groundwater data, on elements that are 
represented in at least 20 samples. The percentage variance that is explained by each component is 
shown. The statistically significant positive r-values (r ≥ 0.44 for N = 20 at 95% confidence level) are 
shaded dark grey and negative values are shaded light grey. The number of samples that each element is 
recorded in is also shown, the maximum for this data set is 53. 
 
Component 1 2 3  
% Variance 22 21 13 N 
HCO3 -0.48 -0.09 0.82 46 
Na 0.40 -0.42 -0.16 53 
Mg 0.74 0.05 0.26 51 
Al -0.41 -0.07 0.82 27 
S 0.75 0.20 0.25 39 
Cl 0.87 0.04 0.01 53 
K 0.03 0.93 -0.14 53 
Ca 0.79 0.12 0.15 53 
Sc -0.12 0.52 0.48 53 
V -0.29 0.51 0.19 53 
Cr -0.30 0.76 -0.19 53 
Mn 0.49 0.23 0.15 30 
Fe -0.44 0.00 0.82 23 
Co 0.49 0.51 0.38 26 
Ni 0.51 0.39 0.44 39 
Cu -0.24 0.71 -0.13 24 
Zn -0.25 0.04 0.45 45 
Ge -0.58 -0.12 0.57 26 
As 0.14 0.38 0.29 53 
Se 0.85 0.25 0.15 32 
Br 0.85 0.04 0.07 53 
Rb -0.11 0.93 -0.18 53 
Sr 0.70 -0.15 -0.06 53 
Zr -0.32 0.81 -0.25 48 
Mo -0.05 -0.04 0.13 44 
I -0.04 0.59 -0.01 27 
Cs -0.04 0.60 -0.19 46 
Ba -0.44 0.73 -0.37 53 
Eu -0.33 -0.39 -0.29 20 
W -0.15 0.00 0.37 31 
Tl -0.14 -0.49 -0.04 27 
U 0.35 0.26 0.44 22 
 
Some elements correlate negatively to the components in Table 5.5. This indicates that 
the presence of these elements is contingent on the absence of those with a positive r-
value. For example, Na correlates negatively with the cations K, V, Rb, Zr, Ba and W 
indicating that when Na is abundant in the system, these other cations have very low 
concentrations. These elements are all in group two in Table 5.6 and Na has a 
moderately strong negative correlation to component two (r = -0.50).  
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Table 5.6. Groups of elements in the combined groundwater data based on affinities. Note that some 
elements occur in more than one group; these elements (for example Sc) have low (yet significant) r-
values for other members of the group. Elements marked with a * have low r-values to some elements in 
the group and non-significant r-values to the others. Note also that these three groups are derived from the 
first three components in Table 5.5.  
 
Group 1 Group 2 Group 3 
Na K HCO3 
Mg Sc Al 
S V Sc 
Cl Cr Fe 
Ca Cu Zn 
Co Rb Ge 
Ni Zr  
Se I  
Br Cs  
Sr* Ba  
 Co*  
 As*  
 
In group one, all of the elements have a similar spatial pattern. The spatial patterns of 
Ca, S and Se are very similar as indicated by the statistics (r > 0.76 for each). This 
probably reflects the high solubility of gypsum (CaSO4.2H2O; a common mineral in 
sediments that have had a marine influence), in appropriate environments including, for 
example, a coal-forming swamp (Hem, 1970). The spatial similarity of Na, Cl and Br 
can be expected because halite (NaCl) is also common in sedimentary rocks exposed to 
seawater (Hem, 1970). The similarity of Ca, Mg and Sr can be explained by the 
presence of Ca- and Mg-carbonates (section 3.3.3) and Sr, Mg and Ca readily substitute 
for one another in carbonate crystal lattices (Krauskopf, 1967). Cobalt and Ni correlate 
strongly to one another (r = 0.79) and the spatial pattern of these two elements is very 
similar. These two metals are geochemically similar and they commonly occur with Mg.  
 
In group two, most of the elements have a similar spatial pattern, though Co and As are 
quite different to some elements, as can be expected from the statistics. Potassium and 
Rb have a very strong correlation to one another (r = 0.97) and very similar spatial 
patterns, as do Cs and Ba. Caesium has a strong affinity with K and Rb (Hem, 1970) 
and K, Rb, Cs and Ba are released during incongruent dissolution of K-feldspars. As the 
statistics indicate, Ba and Zr (r = 0.89) have very similar spatial patterns. Vanadium and 
Cr (r = 0.58) also have particularly similar spatial patterns and these elements are 
geochemically similar (Hem, 1970). 
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In group three, the spatial patterns of Al, Fe, Ge and HCO3 are similar but Sc and Zn are 
spatially a little different from these four elements. Aluminium, Fe, Ge and HCO3 have 
very strong correlations (r ranges from 0.92 to 0.99) and are spatially similar, but Al, Fe 
and Ge are relatively poorly represented (n = 27, 23 and 26 respectively) which casts 
doubt on the links between the elements. Iron carbonates are common at Dartbrook 
(section 3.3.3) and Zn and Sc commonly occur with Fe-carbonates (Hem, 1970). 
 
The spatial patterns of groups one, two and three are very different, as can be expected 
from the fact that the components that are extracted by principal component analysis are 
completely unrelated, because by definition, components are uncorrelated (r = 0.00 in 
all cases). 
 
Some anomalous links occur in the data that are supported by correlations and spatial 
patterns that cross over between groups. These include: 
• V to W 
• Ni to Sc and As 
• As to Cl and Br 
 
Vanadium and W have a similar spatial pattern, as is indicated by the significant 
correlation between these two elements (r = 0.70). Both are transition metals, which 
may explain the link between them. 
 
The spatial pattern of Ni is similar to Sc and As (r = 0.39 and 0.34 respectively). 
However Ni only occurs in 39 samples and its spatial trend is therefore difficult to 
determine. In support of the link, Ni and Sc are geochemically similar (Hem, 1970).  
 
Arsenic has a statistically significant correlation to Cl and Br (r = 0.27 and 0.33 
respectively) and the spatial pattern of these three elements is quite similar. Each of 
these elements is represented in all 53 samples, therefore this trend is considered real 
but the correlations are very small, rendering the link insignificant and there is no 
apparent similarity between these non-metals.  
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Summary 
The groundwater at Dartbrook is complex and contains many links between different 
elements. The analytical data indicate that three end members control the groundwater 
composition at Dartbrook and these will be discussed further in section 5.3.1.1.4. 
Because samples were collected over a wide areal expanse and a range of depths, the 
chemistry can be expected to vary greatly between the samples. The data have been 
divided into several subdivisions that will be discussed in the following sections. The 
possibility of a marine influence on the first end member is discussed at length in 
section 5.3.1.1.6. 
 
5.3.1.1.2 Shallow Data 
The shallow set was treated as described previously for the combined data. The 
correlation matrix, PCA results, and the element groupings are shown in Appendix 
Table C.4, Table 5.7 and 5.8 respectively. The groups in the combined and shallow data 
are similar. Some differences include: K and Rb are present in group one in the shallow 
set; Sc, I, and Co are absent from group two in the shallow set; and Ge and Zn are 
absent from group three in the shallow set. 
 
Some elements are represented in very few samples and only elements that are 
represented in 11 samples3 or more are considered further; for example, Ge is not 
considered in the interpretations because it only occurs in six of the shallow samples 
(Table 5.7). 
 
The groups in Table 5.8 were tested for spatial similarities using another GIS. The 
elements in group one have very similar spatial patterns, for example Mg, S, Ca, Se, and 
Sr, as are Na, Cl and Br, while Co and Ni (r = 0.80) are exceptionally similar.  
 
In the combined data set, Na has a similar spatial pattern to Cl, Br, and Sr and the same 
is found in the shallow data set (r = 0.72, 0.52 and 0.51 respectively). In the deep data 
set, Na does not correlate to Cl, Br or Sr (r = 0.08, 0.15 and 0.29 respectively) and this 
indicates that the link between Na and these elements in the combined data set is from 
the shallow set. 
                                                 
3 Eleven samples were used to retain the ratio used in the previous section, i.e. 20/53 = 11/30. 
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Table 5.7. Principal component analysis, shallow samples only. The percentage variance that is 
explained by each component is shown. The statistically significant positive r-values are shaded dark grey 
and negative values are shaded light grey. The number of samples that each element is recorded in is also 
shown, the maximum for this data set is 30. 
 
Component 1 2 3  
% of Variance 25 21 14 N 
HCO3 -0.57 0.37 0.68 24 
Na 0.38 -0.46 0.03 30 
Mg 0.46 -0.37 0.11 30 
Al -0.49 0.36 0.71 14 
S 0.72 -0.23 0.53 26 
Cl 0.77 -0.40 0.07 30 
K 0.80 0.48 0.06 30 
Ca 0.72 -0.34 0.49 30 
Sc 0.09 0.42 0.43 30 
V -0.14 0.61 -0.21 30 
Cr 0.26 0.75 -0.43 30 
Mn 0.61 -0.03 0.54 20 
Fe -0.52 0.39 0.70 14 
Co 0.71 0.47 0.27 21 
Ni 0.53 0.26 0.20 29 
Cu 0.45 0.78 0.20 16 
Zn -0.31 0.24 0.41 26 
Ge -0.46 0.37 0.75 6 
As 0.35 0.81 -0.16 30 
Se 0.78 -0.35 0.23 22 
Br 0.71 -0.30 -0.19 30 
Rb 0.65 0.64 -0.03 30 
Sr 0.48 -0.59 0.10 30 
Zr 0.35 0.81 -0.30 25 
Mo -0.16 0.17 -0.13 28 
I 0.10 0.15 -0.18 17 
Cs 0.64 0.22 0.43 23 
Ba 0.22 0.71 -0.48 30 
Eu -0.14 0.11 -0.13 7 
W -0.33 0.18 0.06 24 
Tl -0.14 -0.17 0.38 14 
U 0.29 0.42 -0.06 19 
 
There is a very strong spatial similarity between K and Rb, as can be expected from the 
correlation between these two elements (r = 0.95), as was found in the combined data. 
Potassium and Rb have spatial patterns that are similar to both the group one and two 
elements and have therefore been included in both groups. All of the group two 
elements have similar spatial patterns but overall the similarities are not as strong as 
those in group one.  
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Table 5.8. Groups of elements based on affinities, shallow samples only. The elements that did not 
occur in the corresponding group in Table 5.6 are shaded grey.  
 
Group 1 Group 2 Group 3 
Na K HCO3 
Mg V Al 
S Cr Sc 
Cl Cu Fe 
K As  
Ca Rb  
Co Zr  
Ni Cs  
Se Ba  
Br   
Rb   
Sr   
 
In the combined data (Table 5.6), group two contains more elements than the shallow 
set (Sc, Co and I are missing from the shallow data). This justifies the subdivision of the 
data by outlining the different element affinities in the aquifers at different levels. Iodide 
and Co are limited by poor coverage in the samples (n = 17 and 21 respectively), which 
explains the poor spatial and statistical similarity to other elements. Scandium has a 
similar pattern to some of the elements in group two, particularly Cu, but it is quite 
different to some of the other elements. Cobalt has some similarities to the group two 
elements, in particular Rb and Zr, but the other group two elements are too different for 
Co to occur in group two. 
 
The PCA did not place Cs in component two in this data set. However, Cs shows a 
spatial similarity to many of the group two elements and therefore, it has been placed in 
group two. Its spatial pattern is a little difficult to determine due to the paucity of cover 
(n = 23), which probably explains the statistical difference. In support of this grouping, 
the following spatial similarities are presented: Cs has a similar spatial pattern to K and 
Rb (r = 0.75 and 0.64 respectively) as can be expected since these three elements are 
Group I metals in the periodic table and substitute for one another in crystal lattices 
(Hem, 1970). Calcium and Ba are adjacent to one another in Period 6 of the periodic 
table and show a good spatial similarity, despite not correlating significantly (r = 0.14). 
A strong spatial similarity also exists between Cs and Cr (r = 0.16). Therefore, Cs was 
grouped with the group two elements. 
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In group three HCO3, Al, Sc and Fe have a fairly similar spatial pattern. Bicarbonate, Al 
and Fe have very strong correlations to one another (r ranges from 0.97 to 0.99). In the 
deep data set, however, (section 5.3.1.1.3) Al and Fe do not correlate to one another 
positively (r = -0.84) but in the combined and shallow data sets they correlate very 
strongly and positively, therefore the correlation in the combined set is swayed by the 
shallow set. 
 
Some anomalous links exist in the shallow data set that are supported by correlations 
and spatial patterns that cross over between groups, these include: 
• Sc to Mg and Ni 
• V to W 
• U to Co and Ni 
 
Scandium has a similar spatial pattern to the group one element Mg (r = 0.37). There is 
also a spatial similarity between Sc and Ni (r = 0.46), as was found in the combined 
data. Scandium is geochemically similar to Mg and Ni (Hem, 1970). Therefore it 
appears that Sc has mixed affinities in the shallow data.  
 
Once again, V has a similar spatial pattern to W (n = 24) and a strong statistical 
similarity (r = 0.71). This link is not apparent in the deep data set. This shows that the 
link in the combined data is due to the shallow data set. Tungsten is very poorly 
represented in the deep data (n = 7), therefore any links or patterns are difficult to 
determine. This highlights another difference between the deep and shallow aquifers. 
 
5.3.1.1.3 Deep Data 
The deep data were treated in the same way as the combined data (see Appendix Table 
C.5 for the correlation matrix) and the results of the PCA are shown in Table 5.9. Table 
5.10 shows the element groupings determined using PCA, correlations, and spatial 
patterns of the deep data set. Several differences are apparent between the groups in 
Tables 5.6 and 5.11. For example, Mn, As and Mo have been added to group one in the 
case of the deep samples and Na, Co and Sr have been excluded. In group two, Fe has 
been added in the deep set and Co, Cu and As are absent. In the shallow data Cu and As 
are represented in group two and therefore contribute to the combined data, while only 
the deep data set contributes Sc and I to the combined set. Another difference to Table 
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5.6 is that a third group was not detected here and HCO3 does not show links to any 
group.  
 
Table 5.9. Principal component analysis, deep samples only. The percentage variance that is explained 
by each component is shown. The statistically significant positive r-values are shaded dark grey and 
negative values are shaded light grey. The number of samples that each element is recorded in is also 
shown, the maximum for this data set is 23. 
 
Component 1 2 3  
% Variance 37 29 9 N 
HCO3 -0.24 -0.14 -0.59 22 
Na -0.76 0.08 -0.26 23 
Mg 0.22 0.82 -0.27 21 
Al -0.76 -0.22 0.33 13 
S 0.30 0.79 -0.30 13 
Cl 0.12 0.84 0.26 23 
K 0.87 -0.42 0.05 23 
Ca 0.15 0.78 -0.27 23 
Sc 0.71 -0.28 -0.37 23 
V 0.69 -0.60 -0.17 23 
Cr 0.64 -0.63 -0.20 23 
Mn 0.31 0.60 -0.19 10 
Fe 0.63 -0.43 0.06 9 
Co 0.71 0.36 0.51 5 
Ni 0.75 0.47 0.41 10 
Cu 0.75 -0.32 0.16 8 
Zn 0.59 0.06 0.49 19 
Ge -0.60 -0.51 -0.23 20 
As 0.42 0.58 0.46 23 
Se 0.74 0.55 -0.19 10 
Br 0.13 0.88 -0.10 23 
Rb 0.89 -0.36 0.02 23 
Sr -0.12 0.51 0.02 23 
Zr 0.75 -0.53 -0.09 23 
Mo 0.61 0.66 0.33 16 
I 0.83 -0.09 -0.42 10 
Cs 0.53 -0.71 0.24 23 
Ba 0.71 -0.63 -0.04 23 
Eu -0.76 -0.19 0.40 13 
W 0.39 -0.08 0.24 7 
Tl -0.73 -0.17 0.42 13 
U 0.33 0.80 -0.30 3 
 
Some elements are represented in very few samples and only elements that are 
represented in nine samples4 or more are considered further. For example, Co is not 
considered in the interpretations because it occurs in only five of the deep samples 
(Table 5.9). 
                                                 
4 Nine samples were used to retain the ratio used in the combined section, i.e. 20/53 = 9/23. 
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Table 5.10. Groups of elements based on affinities, deep samples only. The elements that did not 
occur in the corresponding group in Table 5.6 are shaded grey. Elements marked with an * have low r-
values to some elements in the group and non-significant r-values to the others. 
 
Group 1 Group 2 
Mg K 
S Sc 
Cl V 
Ca Cr 
Mn Fe 
Ni Rb 
Se Zr 
Br I 
Mo Cs 
As* Ba 
 
The groups in Table 5.10 were tested for spatial similarities using another GIS. In the 
deep data set more than one sample was collected from most locations and the 
chemistry of water derived from each sampling location changed slightly with time (see 
section 5.3.1.3  temporal trends). The GIS, however, can only display one value from 
each location, which is inevitably the largest value. Therefore, the relationship between 
each element is not truthfully represented spatially.  
 
The elements in group one have fairly similar spatial patterns. The spatial pattern of S is 
difficult to determine because of its poor spatial coverage (n = 13), the spatial coverage 
of Mn, Ni, Se and I is also very poor (n = 10 for each). Because many samples were 
collected from the same locations over time (for temporal trends), however, low 
coverage is not as much of an issue as for the shallow set. In all, the elements in group 
one are not as similar spatially as in the shallow set. As expected, arsenic and Mn occur 
in group one in the deep data due to their affinity for S and Mg respectively 
 
The spatial similarities of the group two elements are better than for group one 
presumably because these elements are more closely linked (as is indicated by the 
percentage variance explained by group two, compared to group one, 37% and 29% 
respectively).  
 
The very strong link between Rb and Zr is puzzling in the deep data set. The statistics 
suggest that K, Rb and Zr are very similar and this is supported by their spatial patterns. 
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Potassium and Rb have an extremely high correlation r = 0.99, indicating that these two 
elements behave almost exactly the same. The link between K and Rb is very strong in 
the combined and shallow sets as well (r = 0.97 and 0.95 respectively). Rubidium and 
Zr also have a very strong correlation, r = 0.95, indicating that these elements are also 
strongly linked. Rubidium and Zr are in the same Period (5) in the periodic table. 
Zirconium does not readily substitute into common silicate structures, but instead 
usually forms a separate mineral, zircon (Krauskopf, 1967; Aja et al., 1995), therefore 
this link is puzzling and must have to do with solubility, leachability and transport. The 
link between Rb and Zr is not as strong in the shallow set (r = 0.75), which is reflected 
in the combined set as well (r = 0.85). This indicates another difference between the 
deep and shallow aquifers. 
 
In group two the transition metals V and Cr have a perfect correlation, r = 1.00 (Figure 
5.20) and the spatial pattern of these two elements is almost identical, indicating that 
these elements always occur together in the deep aquifers. In the combined data set 
these elements are not as strongly linked (r = 0.58), due to the interference of the 
shallow samples (in the shallow set, r = 0.48 and both elements are represented in all 53 
samples). This indicates the presence of another source of V in the shallow aquifers that 
mixed its affinities in the combined data. This behaviour can be expected because V has 
anionic and cationic forms in natural water; V3+ and V4+ species are cationic, while V5+ 
forms anionic complexes (Hem, 1970). A strong spatial and statistical similarity also 
exists between Cs and Ba (r = 0.86), this is a far stronger similarity than was found in 
the shallow or combined data (r = 0.21 and 0.59 respectively).  
 
Rubidium occurs at much lower abundances than K and is among the most mobile of 
the alkali metals; therefore, its concentration in groundwater is useful for tracking K-
rich lithologies (Giblin, 2001). Similarly, Cs follows K and Rb closely but is less 
abundant and therefore is the most sensitive groundwater indicator of K-rich rocks 
(Giblin, 2001). In each data set in the current study, K, Rb and Cs occur in group two, 
indicating that group two represents K-rich rocks. 
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Figure 5.20. Comparison of V and Cr in the deep data, r — 1.00. Note the strong similarity between the 
trend in the two elements.
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Some anomalous correlations exist that cross over between groups and these elements 
also have similar spatial patterns. These include: 
• Na to HCO3, Al and Ge 
• Ni to Zn 
• Zn to K, Rb and Mo  
• Sr to Mg and Ca 
 
An important difference between the deep and shallow sets is that Na and Al have a 
strong negative correlation to the principal component that represents group two in the 
deep data set (r = -0.76 each). Sodium and Al correlate to one another in the deep data 
set (r = 0.69) and also correlate to HCO3 (r = 0.61 and 0.79 respectively) and the three 
elements have a similar spatial pattern. In all three data sets Al and HCO3 correlate to 
one another. Sodium, however, does not have a similarity to Al or HCO3 in either of the 
combined or shallow sets. Sodium, Al and HCO3 are all contained in dawsonite, which 
is the dominant cleat mineral in the Wynn seam at Dartbrook (see section 4.5.1). The 
linkage of these three elements, in the deep data only, reflects saturation of the 
groundwater with dawsonite. This indicates that different processes, sources or affinities 
are occurring in the deeper aquifers to the shallow aquifers to link these elements. The 
spatial pattern for Al is a little difficult to determine because of its poor spatial coverage 
(n = 13) but the link to Na and HCO3 is unmistakable.  
 
Germanium also has a strong negative correlation to group two, along with Na and Al 
(Table 5.9). These elements correlate to one another and are spatially similar. This 
indicates that these elements do not occur in the presence of the group two elements. 
The spatial patterns of Na and Ge (r = 0.73) are more similar to one another than Ge to 
Al. None of these links are evident in the shallow data set. 
 
In the deep data only, Ni and Zn (r = 0.73) have very similar spatial patterns. Both of 
these transition metals are in Period 4 in the periodic table and are adjacent but one; 
therefore an affinity can be expected and both of these elements have an a affinity for 
Mg. This link is not evident in the shallow or combined data sets. Zinc also shows a 
spatial similarity to K, Rb and Mo. The link to K may be because it is in the same 
Period (4) in the periodic table, leading to an inevitable link with Rb. A strong 
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correlation and spatial similarity occurs between Sr, Mg and Ca (r ranges from 0.68 to 
0.95), as was found in the shallow data set. In this case, however, Sr does not occur in 
group one due to poor relationships with the other group one elements.  
 
In this data set, clearly defined links with RL are evident. Elements that correlate 
negatively to group two (i.e. Na, Al and Ge) all correlate positively to RL, indicating 
that with increasing RL each of these elements increases in concentration. Ten elements 
negatively correlate very strongly to RL (r < -0.65) and these are the group two 
elements in Table 5.10 (K, Sc, V, Cr, Fe, Rb, Zr, I, Cs, and Ba). This strengthens the 
assertion that the element groupings in this chapter are legitimate and based on real 
affinities. Neither of these links to RL was observed in the shallow data set. In the 
combined data set, which obviously has a greater range of RL than either the shallow or 
deep sets, the group one elements correlate positively to RL, while the group two 
elements correlate negatively. Therefore, the link between group one and RL is only 
observed by combining the entire data set.  
 
Summary 
Comparison of the results for the three data subsets indicates fewer sources of elements 
in the deep aquifers relative to the shallower aquifers. The percentage variance 
explained by each group in the three data subsets differs (Table 5.11). The similarity 
between the combined and the shallow aquifers reflects the inclusion of 30 samples 
from the shallow set in the combined set of 53 samples, but these two data sets differ 
from the deep set. In the deep case, only two main groups occur and these two groups 
alone account for more of the variance in the deep data set than the three groups in the 
combined and shallow cases. This indicates fewer variables and sources of elements in 
the deep aquifers. 
 
Table 5.11. Comparison of the percentage variance explained by each group in the three data sets. 
The variance in the combined and shallow data sets is explained by three groups, with similar 
percentages. The deep data set, however is explained by only two groups, with much higher percentages 
than the other two data sets, particularly for the second group. 
 
Group 1 2 3 Total 
Combined 22% 21% 13% 56 
Shallow 25% 21% 14% 60 
Deep 29% 37% N/A 66 
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The groups of elements for the three data sets differ slightly. The differences are as 
follows: in the combined data set, group two contains Co and group three contains Zn 
and Ge; in the shallow set, group one contains K and Rb; in the combined and shallow 
sets, group two contains Cu and As, group three contains HCO3, Al, Sc and Fe; in the 
deep set, group one contains Mn, As and Mo, group two contains Fe; in the deep and 
combined sets, group two contains Sc and I. 
 
An important difference between the shallow and deep aquifers is the behaviour of 
HCO3. In the combined and shallow data, HCO3 correlates strongly to component three 
(r = 0.82 and 0.68 respectively) and the group three elements and it has a similar spatial 
pattern to that group. In the deep data, however, HCO3 does not show any link to the 
group three elements (r = -0.59 to component three). Bicarbonate only significantly 
correlates positively to Na in the deep data (r = 0.61 compared to 0.23 and 0.33 in the 
combined and shallow data) but correlates strongly to Al in all three data sets. Volkova 
and Rekshinskaya (1973) found that groundwater in a dawsonite-containing unit is Na-
HCO3-type water. The deep water then must contain Na-HCO3-type water that is linked 
to Al and this is probably interacting with dawsonite.  
 
5.3.1.1.4 End Members 
Groundwater composition is commonly used to divide groundwater into end members 
that contribute to the composition. Groundwater classification is based on the major ion 
composition; for example, Ca-HCO3-type water is dominated by Ca and HCO3 
(Deutsch, 1997). Multivariate statistical techniques are increasingly used to divide 
groundwater into end members (see for example, Smellie et al., 1995; Stetzenbach et 
al., 1999). When PCA is used, a few components usually describe the variability in a 
large data set and these components represent the end members. The end members are 
related to the major ion and trace element composition of the groundwater and represent 
ion-exchange and mineral dissolution reactions with the aquifer rocks (Kimball, 1992). 
 
The three groups in Table 5.6 represent the end members in the combined and shallow 
data. Group one represents Na-Cl, Ca/Mg-SO4, Ca/Mg-CO3 type water that gained its 
composition from the dissolution of marine halite, sulphates and carbonates that 
precipitated in the sediments from trapped connate brine and mixing with meteoric 
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water. Several factors support this hypothesis. Firstly the elements in group one are 
common in seawater (Na, Cl, S, Mg, Ca, Br, and Sr), carbonates (Ca, Mg, and Sr) or 
sulphates (S and Se). Carbonates are included in this end member even though HCO3 
does not occur in this group because these samples have high HCO3 contents. Secondly, 
the aquifer-bearing sequence was deposited during the Permian in an area with a marine 
influence5 and CaCO3, CaSO4 and MgSO4 were common marine precipitates at the 
time6 (Lowenstein et al., 2001). Thirdly, brines with a Na-K-Mg-Cl-SO4 chemical type 
analysed by Kovalevych et al. (2002) and Bukowski et al. (2000) are said to have the 
same type that characterises modern seawater. Finally, it is likely that at shallow depths 
this end member is affected by mixing with meteoric water; this is discussed further in 
section 5.3.1.5. 
 
Group two which includes K, Rb and Cs, together with other geochemically related 
elements represents the products of potassic alteration of K-rich felsic rocks. As stated 
previously, Rb and Cs are sensitive indicators of potassic alteration of K-rich lithologies 
(Giblin, 1997).  
 
The third group, which is typified by Fe, Sc, Zn and HCO3, represents Fe-HCO3 type 
water. The presence of Fe, Zn and Sc in groundwater is normally taken to indicate the 
presence of Fe-carbonates (Giblin, 2001). This hypothesis is supported at Dartbrook 
where Fe-carbonates are common (see section 3.3.3 for the abundance of siderite). 
 
The deep aquifers also have three end members. Unlike the shallow aquifers, the deep 
water is dominated by the group two elements representing the products of potassic 
alteration of feldspars and desorption of cations from the surface of clays. The Na-Cl, 
Ca/Mg-SO4, Ca/Mg-CO3 type water of the shallow aquifers is the second most 
dominant. The third influence on the deep water (Na-HCO3-type water that is 
interacting with dawsonite) is not apparent in the shallow aquifers. This hypothesis is 
supported by the significant correlation between HCO3 and Na, and the observation of 
Volkova and Rekshinskaya (1973) that groundwater in contact with dawsonite is Na-
                                                 
5 Sedimentation of the Upper Wynn seam was interrupted by the rapid marine transgression of the 
Archerfield-Bulga formation before returning to a coal-forming environment which was terminated by 
a second marine incursion, then Denman Formation (Uren, 1985).  
6 During the Permian, seawater had relatively high Na and Mg concentrations. Once evaporites of CaSO4 
and CaCO3 precipitated, a Mg- and SO4-rich and Ca-poor brine was left, from which MgSO4 
precipitated (Lowenstein et al., 2001). 
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HCO3-type water. In addition, HCO3 and Na also correlate strongly to Al indicating that 
the third end member in the deep aquifers is Na-HCO3-type water that is linked to Al 
and this water is interacting with dawsonite. 
 
Summary 
In conclusion, the group one elements share a common source that is the first end 
member, resulting from the dissolution of marine halite, sulphates and carbonates that 
precipitated in the sediments from trapped connate brine and mixing with meteoric 
water. The group two elements represent the second end member, resulting from 
potassic alteration of K-rich feldspars and desorption of cations from the surface of 
clays. Both the shallow and deep aquifers have three influences, but the identity and 
dominance of each is not the same for each aquifer. Shallow aquifers are dominated by 
marine influenced water, while the influence of potassic alteration is secondary and the 
third influence on this aquifer is Fe-carbonates. Deep aquifers are dominated by the 
water containing the products of potassic alteration of feldspars and desorption of 
cations from the surface of clays, the marine influence is secondary and the third 
influence on this water is the Na-HCO3-type water that interacted with dawsonite. 
 
Other Studies 
Some of the end members proposed in previously-published studies are similar to those 
identified in the current study and, as a result, this section is arranged in order of 
usefulness to the current study. Many authors, however, divide their data into end 
members without using multivariate statistical techniques (for example, Arnórsson and 
Andrésdóttir, 1995; Pluta and Zuber, 1995; Barth, 2000; Edmunds and Smedley, 2000; 
Grasby et al., 2000; Edmunds et al., 2002). Statistical analysis is crucial for the correct 
interpretation of geochemical data (Clark et al., 1996). Another common limitation to 
groundwater studies is that some authors analyse cations but not anions (for example, 
Bullen et al., 1996; Stetzenbach et al., 1999, 2001) or anions but not cations (for 
example, Kreamer et al., 1996) or no trace elements (for example, Bullen et al., 1996; 
Yang et al., 1996). If both ionic groups are not analysed an ion balance cannot be 
determined. The best and most comprehensive studies investigate the major ions, trace 
elements and isotopes and use multivariate statistics to determine the end members 
contributing to the groundwater composition. 
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Kimball (1992) analysed the major ion composition, trace element concentrations and 
stable isotope ratios of saline groundwater and used Q-mode factor analysis (a form of 
multivariate statistics) to identify the three end members listed below. The three end 
members are similar to one another and have similarities to the first end member in the 
current study: 
(i) CaCO3-MgCO3-Na2SO4 water  resulting from hydrolysis of Ca-Na-
feldspars and dissolution of Ca- and Mg-carbonate minerals; 
(ii) Na2CO3-Na2SO4 water  resulting from hydrolysis of silicate minerals, 
enhanced by SO2 weathering and dissolution of Na-carbonates; and 
(iii) NaCl-Na2SO4 water  
 
Toran and Saunders (1999) identified the four end members (listed below) in their study 
area in the USA based on a trilinear plot. The four end members have similarities to the 
first end member in the current study:  
(i) Ca-Mg-HCO3, occurs at shallow depths and results from interaction with 
dolomite;  
(ii) Na-HCO3, occurs below (i) and evolves from (i) by silicate hydrolysis and 
cation exchange;  
(iii) Ca-Mg-(Na)-SO4 resulting from interaction with gypsum; and  
(iv) Na-Cl, representing the deepest water.  
 
Stetzenbach et al. (1999) analysed samples from 18 locations in south-western USA for 
major cations and 45 trace elements. The study utilised PCA to differentiate between 
groundwater samples that discharge from dolomitic and volcanic rocks and found two 
main components that are similar to the first two end members in the current study: 
(i) Ca and Mg correlate strongly  derived from carbonate rocks; and  
(ii) Na and K correlate significantly  reflects weathering and dissolution 
reactions in felsic volcanic rocks.  
Stetzenbach et al. (1999) were unable to do an ion balance because they did not analyse 
any anions. They stated that the major anions are expected to behave conservatively in 
the groundwaters and therefore did not need to be analysed. They used PCA on their 
major cation and trace metals data and used it as a basis to group their sampling 
locations. The anions, however, could make a significant difference to the groupings if 
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they were included, and the findings and groupings of Stetzenbach et al. (1999) are 
limited by the data they collected.  
 
Banner et al. (1989) analysed samples from natural springs and artesian wells from 
Missouri, USA, for major ions, some trace elements, δD, δ18O, 87Sr/86Sr, and 
143Nd/144Nd composition. They only identified one end member that has some 
similarities to the first end member in the current study. They found that their 
groundwaters were enriched relative to seawater in Sr, Ca, Sr/Ca, Li and the REE. They 
attribute the enrichments to extensive reaction between the groundwater and either 
marine carbonates or detrital feldspar. The key features of the groundwater studied by 
Banner et al. (1989) are:  
(i) Na-Ca-Cl type water;  
(ii) salinity ranges from 1 to 30; 
(iii) low Na/Cl and high Ca/Cl ratios relative to Na-Cl brines; and  
(iv) high Sr/Ca relative to seawater.  
 
Banner et al. (1989) explain these features through a multi-stage history involving:  
(i) meteoric recharge; 
(ii) halite dissolution yielding Na and Cl; 
(iii) mineral-solution equilibria in basement rocks; 
(iv) dilution and migration to shallow levels; and  
(v) mixing with dilute meteoric water, discharge through carbonates in 
disequilibrium with the water. 
 
Deverel and Millard (1988) analysed groundwater samples from 118 locations in 
California, 83 of which were shallow wells (3 to 10 m depth) for major cations, 14 trace 
elements, HCO3, SO4 and Cl. Deverel and Millard performed PCA of the data and 
recognised the three end members listed below. The first end member is similar to that 
in the current study. The authors did not identify the source of the second or third end 
members but the third end member seems similar to that of the current study:  
(i) B, Mg, Na, SO4 and Cl and, to a lesser extent, K, Mo, Se and V correlate 
strongly to component one apparently from saline groundwater infiltrating 
low-lying areas; 
(ii) Ca correlates positively to component two; and 
(iii) HCO3, Fe, Zn and Mn correlate negatively to component two. 
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Deverel and Millard (1988) stated that B, Mo, Se and V are mobilised by the saline 
groundwater and carried as oxyanions. Shallow groundwater samples from agricultural 
areas can be expected to be dominated by the effects of agriculture (Njitchoua et al., 
1997; Böhlke and Horan, 2000). Although the study concentrated on shallow 
groundwater from agricultural areas, neither nitrate nor phosphate were determined and 
an ion balance was unable to be performed. 
 
Yang et al. (1996) analysed 44 samples for major ionic, Si, Fe and Sr composition as 
well as δ18O, δD, δ13C, δ34S, and 87Sr/86Sr, and used PCA to identify the three end 
members listed below. These end members differ from those in the current study due to 
differences in lithology, land usage and depth of sampling, although the first end 
member has some similarities to that of the current study: 
(i) Ca, Mg, Sr, NO3, SO4 and HCO3 correlate significantly and appear to have 
an anthropogenic origin or be derived from the dissolution of evaporites; 
(ii) 18O and 13C depletions and high Si and Fe concentrations reflect water 
draining from bogs; and 
(iii) Na, Cl and K correlate strongly and probably result from anthropogenic 
pollution from road salting and industrial activity. 
 
Tantawi et al. (1998) studied the major cation and anion composition of 17 groundwater 
samples from depths of between 2 and 40 m from an area containing silicic to 
ultramafic igneous rocks. They identified three end members by comparing the 
normalised value of each ion calculated by anion/Σanion or cation/Σcation in meq/L, 
and they attributed the end members to weathering of sulphide minerals and input of air-
borne dust and marine aerosols. The three end members listed below are different to 
those identified in the current study due to the differences in lithology, climate and 
hydrological regime: 
(ii) (Na+K)-SO4; 
(iii) Mg-SO4; and 
(iv) Mg-Cl. 
 
González et al. (1999) analysed the chemistry of 24 groundwater and three surface 
water samples. They divided the waters into three end members:  
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(i) Ca-HCO3 from weathered granite;  
(ii) Mg-HCO3 from black basaltic sands; and 
(iii) mixed Ca-Mg and Mg-Ca waters, with high TDS at the igneous rock-
sediment boundary.  
These end members are quite different to those identified in the current study due 
largely to differences in lithology.  
 
Pluta and Zuber (1995) analysed 43 groundwater samples from Poland for major and 
minor element and δD and δ18O composition. They reported three zones of water, 
beginning with the shallowest: 
(i) fresh water  HCO3, SO4, Ca and Mg present (TDS < 1); 
(ii) mixing zone  Na-HCO3, Na-HCO3-Cl and Na-SO4-Cl types present 
(TDS = 1-35); and 
(iii) brine  Na-Cl and Na-Ca-Cl types present (TDS = 35-230).  
Pluta and Zuber (1995) did not identify the end members affecting the groundwater 
composition at the three depths, and consequently cannot be compared to the findings of 
the current study. Samples were divided into groups of compositions based entirely on 
visual comparison of isotope data, chemical composition and some ion ratios. The lack 
of use of multivariate statistics by Pluta and Zuber (1995) weakens the confidence in 
their grouping. 
 
Barth (2000) analysed 17 groundwater samples from boreholes and commercial wells 
for δ11B, δ18O, and δD and major ion composition. Barth used δ11B values and TDS to 
separate the samples into: 
(i) fresh groundwater with a low degree of mineralisation (low TDS); and 
(ii) brackish groundwater with a higher degree of mineralisation (high TDS).  
Omission of multivariate statistical analysis weakens the confidence in the proposed 
grouping, and the lack of identification of the end members in the groundwater makes a 
comparison to the current study impossible. 
 
Frape et al. (1984) analysed over 300 groundwater samples from drill-holes in Canada 
for major element, δ18O, δD, δ3H and 87Sr/86Sr composition to identify two end 
members affecting the groundwater:  
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(i) local fresh-brackish water of meteoric origin, with its composition largely 
controlled by the availability of readily leachable salts and the dissolution of 
primary silicates; and 
(ii) deep brine below 650 m.  
Although Frape et al. (1984) argued that they identified well-defined trends in their 
groundwater data, they only reported A representative selection of results. . . from 
over 300 samples so that the reader cannot ascertain if the trends are as strong in the 
entire data set. Comparison to the current study is not possible due to lack of 
identification of end members. 
 
Kreamer et al. (1996) used PCA to differentiate the major anions Cl, Br, NO3, and SO4 
and 40 trace metals into three groups of elements in Death Valley, USA, but they did 
not identify the sources of the end members. Lack of data for major cations or 
CO3/HCO3 negated the possibility of an ion balance. The findings and groupings of 
Kreamer et al. (1996) are limited by the data they collected because inclusion of major 
cations could make a significant difference to the PCA groupings.  
 
Stetzenbach et al. (2001) performed PCA on the major cation and trace element data 
separately but the lack of anions limits the application of their findings. The PCA 
yielded two clusters; a tight cluster associated with volcanic rock and a cluster of 
carbonate groundwaters but they did not identify the end members affecting the 
groundwater composition. 
 
Swanson et al. (2001) used cluster analysis of data for major ions but found that their 
water samples could not be differentiated. Trace element data may have allowed the 
differentiation of the samples, but these were not determined in their study.  
 
Grasby et al. (2000) used major ion and δ34S, δ18O, δ13C and δD compositions to divide 
groundwater samples from 33 springs in western Canada into three groups:  
(i) carbonate-hosted springs  Ca-HCO3-SO4 chemistry, high TDS, low SiO2; 
(ii) silicate-hosted springs  low TDS, low to high SiO2, Na-rich and wide range 
of anion compositions; and 
(iii) Quaternary volcanic springs.  
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The findings of Grasby et al. (2000) are limited because they did not analyse many trace 
elements, and they did not use statistical analyses on the data. In addition, the basis of 
the subdivision into the three groups is not obvious.  
 
5.3.1.1.5 Marine Source 
In section 5.3.1.1.1 on combined data a marine source of the first end member 
controlling groundwater composition was briefly discussed. This section further 
investigates this hypothesis. Particularly relevant to the discussion are conservative ions 
(e.g. Cl and Br) that are not affected by water-rock interactions or biogeochemical 
reactions (Hem, 1970; Laaksoharju et al., 1999; Louvat et al., 1999; Edmunds and 
Smedley, 2000). As a result, the Cl/Br ratios of formation waters are preserved as it 
mixes with dilute waters in shallow aquifers (Strellis et al., 1996). During the initial 
evaporation of seawater both elements behave conservatively (Cl/Br = 286, for average 
modern seawater of 34.7 salinity; Appelo and Postma, 1994; Strellis et al., 1996; 
Clark and Fritz, 1997). As evaporation proceeds, the concentrations of Br and Cl 
increase linearly while the ratio remains constant.  
 
The coal measures at Dartbrook were deposited during the Late Permian in an 
environment with a marine influence. Connate water (original pore water) in 
sedimentary rocks generally has salinity equal to, or greater than, seawater (Martel et 
al., 2001). The composition of groundwater in sedimentary rocks can be compared to 
seawater at the time of deposition to test for a marine influence. The composition of 
Permian seawater was very similar to that of modern seawater (Horita et al., 1991; 
Lowenstein et al., 1999; Lowenstein et al., 2001). While it is possible that the Late 
Permian seawater may have been locally much more concentrated than modern 
seawater, due to the extensive presence of sea-ice in the Hunter region (Roberts et al., 
1996; Dickins, 1999), the ratios between the ions are assumed not to have changed. In 
defence of the use of modern seawater, Banner et al. (1989) and Michael and Bachu 
(2002) compared the composition of groundwater from Mississippian (Carboniferous) 
sedimentary rocks to that of modern seawater. Martel et al. (2001) also compared the 
groundwater composition from a Carboniferous sedimentary sequence to that of modern 
seawater. Kesler et al. (1996) compared the composition of groundwater from Lower 
Cambrian to Mississippian age aquifers to that of modern seawater. Kesler et al. (1996) 
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conclude that the groundwater chemistry is controlled by evaporation of seawater into 
marine halite, which has then been modified by mixing of two or more brines. 
 
Table 5.12 compares the chemistry from the three data sets (combined, shallow and 
deep) with that of modern seawater from Krauskopf (1967). The comparison of 
groundwater data with seawater is a common geochemical tool, as used for example by 
Banner et al. (1989). In order to test these similarities in a statistically rigorous way, a 
one-sample t-test was used. The ratios that are coloured in Table 5.12 are statistically 
similar to seawater at the 95% confidence level. Many of the elements do not follow the 
trend of modern seawater. Ten ratios in the shallow data and six in the deep data, 
however, are statistically similar to modern seawater. The results in section 5.3.1.1.2 (on 
shallow data) tended to indicate that the shallow data had a stronger marine signal than 
the deep data. This inference is supported by the results in Table 5.12 showing that the 
shallow set is more similar to seawater than the deep set for four ratios.  
 
The ratio of Cl/Br can be used to distinguish between remnant brines of seawater 
evaporation and solutes derived from subsurface dissolution of evaporite minerals 
(Strellis et al., 1996). Once halite saturation occurs and the mineral precipitates, the 
Cl/Br ratio decreases because Cl is incorporated in halite much more readily than Br. 
Conversely, if halite dissolves into the water, Cl/Br ratios increase (Strellis et al., 1996). 
The Cl/Br ratio of the groundwater at Dartbrook is greater than that of modern seawater, 
indicating that halite is dissolving into the groundwater. 
 
In the shallow data, Cl correlates significantly to Na (r = 0.72), S (r = 0.62), Mg 
(r = 0.72) and Ca (r = 0.87), as do Na to S (r = 0.36), Mg (r = 0.48) and Ca (r = 0.33), as 
do S to Mg (r = 0.48), K (r = 0.80) and Br (r = 0.43). These elements are all spatially 
similar and in group one in Table 5.8 and have ratios similar to seawater. The source of 
these elements is therefore interpreted as seawater. 
 
The amount of dilution with respect to seawater was determined for all three data sets 
(Table 5.13). For most elements, the shallow aquifers are much less diluted than the 
deep aquifers. Potassium, however, is less dilute in the deep aquifers than the shallow. 
This indicates that the shallow water has a stronger marine influence on it than the deep 
water and the deep water has an independent K source, which is the second end member 
discussed in previous sections.  
Table 5.12. A comparison of the average ratios of the elements that are common in modern 
seawater; the seawater composition is from Krauskopf (1967). The ratios that are statistically similar 
to those in modern seawater at the 95% confidence level are shaded orange. Decimal places have been 
omitted from the table but not the analyses. In some cases the cut-off for statistical significance lies in the 
first decimal place. The shallow data set has more similarities to modem seawater than the deep data set.
Ratios M odern Seawater Com bined S hallow Deep
Cl/Na 2 2 2 2
Cl/S 7 58 39 98
Cl/Mg 15 62 46 84
Cl/Ca 47 42 47 36
Cl/K 50 91 104 74
Cl/Br 290 375 356 399
C l/Sr 2400 550 554 546
Na/S 4 45 30 76
Na/Mg 8 64 45 92
Na/Ca 26 37 40 32
Na/K 28 60 55 66
Na/Br 160 260 210 324
Na/Sr 1300 518 515 523
S/Mg 2 1 2 1
S/Ca 7 2 2 0.4
S/K 7 7 10 1
S/Br 41 29 41 6
S/Sr 330 31 44 7
Mg/Ca 3 2 2 1
M g/K 3 10 14 4
M g/Br 20 32 43 17
M g/Sr 160 27 38 12
Ca/K 1 5 7 3
C a/Br 6 24 29 17
Ca/Sr 50 18 21 14
K/Br 6 10 5 16
K/Sr 48 11 9 13
Br/Sr 8 2 2 2
Table 5.13. Comparison of the dilution and enrichment factors of the average concentrations of the 
shallow and deep data compared to modern seawater. All elements except for HC03 are diluted in the 
groundwater compared to modem seawater.
C om bined Shallow Deep
Elem ent D ilution Enrichm ent D ilution Enrichm ent D ilution Enrichm ent
h c o 3 11 14 7
Na 18 17 19
Mg 13 9 31
S 0 4 26 18 179
Cl 19 15 27
K 25 26 23
Ca 7 5 13
Br 24 19 34
Sr 2 2 3
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Summary 
Groundwater at Dartbrook has a marine influence that may be derived from trapped 
connate brine or marine evaporite dissolution. The Cl/Br ratio suggests marine evaporite 
dissolution is more likely. The shallow groundwater has a greater marine influence than 
the deep groundwater. 
 
5.3.1.2 Spatial Trends 
In this section, the samples were examined based on spatial similarities in order to test 
for an igneous influence. The combined groundwater data were transposed so that PCA 
by sample could be performed on the data (Table 5.14). The majority of samples 
correlate strongly to component one, which accounts for a huge 72% of the entire 
variance in the data. This is irrefutable evidence that most of the groundwater at 
Dartbrook is very similar. The differences noted in section 5.3.1.1 in a few elements 
obviously do not dominate the groundwater chemistry and therefore are not picked up 
using this broad technique. This does not mean, however, that the differences are not 
real and valid, simply that they are minor compared to the broad similarity between 
most of the groundwater.  
 
Five samples correlate significantly to component three. One other sample (AG122) has 
an insignificant (at the 95% confidence level) correlation (r = 0.27) to this component 
but correlates significantly to three of the five samples, including the sample from the 
Hunter River (AG116). The chemistry of the Hunter River was compared with that of 
all of the groundwater samples, with particular interest centred on the samples from the 
Hunter Tunnel. One Hunter Tunnel sample (AG122 from 1250 m along the Tunnel) 
correlates to the river water (r = 0.40).  
 
A cluster of 10 samples correlate positively to component two and another 12 correlate 
negatively to the same component. The RL of each sample is included in Table 5.14. In 
the previous section the data were divided into shallow (RL > 22 m) and deep samples, 
the shallow samples are marked in Table 5.14. Of the 10 samples that correlate 
positively (significant at the 95% confidence level) to component two, nine are deep 
samples (see section 5.3.1.4 for an explanation for the tenth sample). All but three of the 
23 deep samples correlate positively to component two (although 11 of them are not 
significant at the 95% confidence level). These three anomalous samples are quite 
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shallow (from 22, 20 and 0 masl respectively), indicating that a little lee-way must be 
allowed in the arbitrary division of the samples into shallow and deep. Conversely, all 
12 of the samples that correlate negatively to the same component are shallow samples. 
All but four of the 30 shallow samples correlate negatively to component two (although 
14 of them are not significant at the 95% confidence level). This method has identified a 
difference between the shallow and deep aquifers, though the difference is not clear cut 
and obvious in most cases. 
 
In section 5.1.1.1.1, PCA was performed by element on the combined groundwater data 
and a plot of principal component one versus component two was produced (Figure 
5.18). This plot displays the score of each sample for the two components. On such a 
graph, samples with similar compositions will plot close together and samples with 
different compositions will plot separately. This plot displays clear differentiation with 
distinct outliers and tight clusters.  
 
Sample AG83 plots at the extreme right of the graph due to its very high content of 
group one elements (Table 5.6), particularly S, Cl, Ca, Co and Se; this sample has the 
highest content of these elements out of all the samples. The high level of group one 
elements is expected from the very high score to component one. This sample also has 
medium to low levels of the group two and three elements. The most distinctive feature 
of this sample is the extremely high Mn (4200 µg/L compared to the average of 18.5 
µg/L for all other samples). Sample AG97 (RDH497) also plots to the right of the graph 
due to the high levels of group one elements, particularly Mg (580 mg/L, average = 100 
mg/L), Ni (90.15 µg/L, average = 9 µg/L), S and Br. This sample has medium to low 
levels of the group two elements and very low levels of the group three elements. 
AG109 (RDH516) also has high levels of group one elements, particularly Cl, Se, Br 
and Sr but medium to low levels of group two and three elements. 
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Table 5.14. Principal component analysis of the groundwater by sample. The percentage variance 
explained by each component is shown. Significant positive r-values are shaded dark grey and negative 
light grey. Reduced level in metres above sea level is given; shallow samples (RL > 22 m) are striped. 
 
Component 1 2 3  
% Variance 72 14 6 RL (masl) 
AG102 0.89 -0.40 -0.05 133 
AG104 0.93 -0.26 0.00 247 
AG114 0.93 -0.26 -0.09 247 
AG126 0.82 -0.53 -0.07 244 
AG101 0.99 -0.02 -0.08 0 
AG95 0.97 -0.19 -0.08 20 
AG123 0.96 -0.19 -0.08 70 
AG88 0.93 -0.32 0.08 145 
AG100 0.89 -0.34 0.04 228 
AG112 0.57 0.80 0.00 -93 
AG96 0.56 0.81 -0.01 -93 
AG124 0.66 0.71 0.04 -94 
AG94 0.90 0.43 -0.05 15 
AG86 0.89 0.44 -0.04 15 
AG90 0.89 0.42 -0.03 15 
AG76 0.87 0.48 -0.04 15 
AG111 0.86 0.40 -0.08 37 
AG105 0.91 0.32 0.02 112 
AG122 0.90 0.30 0.27 32 
AG92 0.90 0.22 -0.09 -34 
AG120 0.98 0.10 0.06 20 
AG98 0.94 0.33 0.01 20 
AG84 0.96 0.26 -0.05 20 
AG103 0.95 0.29 0.09 20 
AG73 0.94 0.32 -0.04 20 
AG78 0.94 0.32 0.08 20 
AG91 0.98 -0.15 -0.08 150 
AG97 0.76 -0.58 -0.09 187 
AG99 0.81 -0.57 -0.06 227 
AG106 0.75 -0.13 0.36 247 
AG93 0.82 -0.15 -0.09 247 
AG110 0.81 -0.57 -0.07 90 
AG80 0.83 -0.55 -0.06 90 
AG115 0.83 -0.55 0.03 90 
AG79 0.83 -0.54 -0.05 90 
AG77 0.83 -0.54 -0.06 90 
AG125 0.96 -0.05 0.04 22 
AG85 0.90 0.43 -0.05 20 
AG113 0.90 0.42 -0.04 20 
AG89 0.95 0.17 -0.03 22 
AG119 0.95 0.10 -0.03 22 
AG81 0.94 0.21 0.03 22 
AG82 0.93 0.25 -0.03 22 
AG107 0.83 -0.16 -0.05 182 
AG109 0.84 -0.51 0.00 190 
AG108 0.99 0.05 0.07 162 
AG118 0.86 -0.24 0.04 165 
AG75 0.98 -0.12 -0.05 162 
AG121 -0.02 -0.02 0.90 190 
AG83 0.40 -0.36 -0.09  
AG74 0.00 -0.03 0.88  
AG87 0.57 -0.28 0.71  
AG116 0.11 -0.06 0.86  
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The two samples from K-heading 26th cut-through (KH26CT) plot at the top left of the 
figure. These samples have medium to low levels of groups one and three elements and 
very high levels of the group two elements, particularly, K, Cr, Cu, Rb, Zr (820 µg/L, 
average = 57 µg/L), Cs and Ba (7800 µg/L, average = 940 µg/L). Sample AG124 from 
G-heading 106 panel third cut-through (G106/3CT) is similar in composition to the 
samples from KH26CT and is spatially nearby. AG124 has medium to low levels of 
group one elements, medium levels of group three elements and very high levels of 
group two elements, particularly, K, Rb, Zr, Cs and Ba.  
 
AG121 (RDH517) plots at the extreme left of the graph and is characterised by low 
levels for group one elements, medium to low levels of group two elements and 
extremely high levels of group three elements, particularly Al, Sc, Fe and Zn. 
Aluminium rarely occurs in groundwater at greater than a few tenths of a mg/L because 
it continuously forms clays along the flow-path (Hem, 1970; Bullen et al., 1996). High 
levels of Al in groundwater indicate saturation with clay minerals. The clays regulate 
the concentration of other cations through adsorption (Bullen et al., 1996). Three 
groundwater samples in the current study have high Al contents (Table 5.15). The 
remainder of the samples have an average content of 26.75 µg/L (σ = 5.95), which 
shows that the three samples in Table 5.15 are different to the rest of the samples, 
AG121 and AG74 more so than AG87 (Figure 5.18). The Ti content of groundwater is 
usually extremely small because it is essentially insoluble (Hem, 1970) but samples 
AG121 and AG74 have anomalously high Ti contents (150 and 54.8 µg/L respectively, 
mean = 4.5 µg/L). The Ti is probably absorbed onto colloidal material in the 
groundwater. The three samples in Table 5.15 also have the highest Fe contents and the 
highest total ion contents in the data set (Table 5.1, note AG121 in particular), 
indicating a high clay and Fe-oxyhydroxide content.  
 
Table 5.15. Samples that have elevated Al levels. In the combined data set, only three samples have 
elevated levels of Al. The concentration of Al in those three samples is given in µg/L. The ratio of Al to 
total cations is given as a percentage and the same is reported for Fe. 
 
Sample [Al] (µg/L) Al/(Σcations) (meq/L) Fe/(Σcations) (meq/L) 
AG121 7500 2.9 96% 
AG74 2000 3.0 94% 
AG87 230 0.2 65% 
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This hypothesis is supported by the visual examination of the samples and from the 
extreme difficulty of filtering the samples through the 0.45 µm filter paper. These three 
samples were collected from drill-holes at shallow depths by Dartbrook staff before the 
water had settled, which explains the extreme Al content.  
 
The REE are very useful trace elements in groundwater studies because they reflect the 
aquifer lithology (Smedley, 1991; Johannesson et al., 1997; Worrall and Pearson, 
2001). The REE have atomic numbers 57 to 71 and Y is included as well due to its 
similar ionic radius. The REE are divided based on atomic number into light rare earths 
(LREE) and the heavy rare earths (HREE). The REE all have very similar chemical and 
physical properties because they all form stable trivalent cations of similar size, except 
Ce4+ which is smaller and Eu2+ which is larger. Differences in chemical behaviour are 
due to a small decease in ionic size with increasing atomic number (Rollinson, 1993). 
The REE values in the current study were normalised with respect to the Post-Archaean 
average Australian sedimentary rock (McLennan, 1989). REE concentrations are 
usually normalised to smooth the variation in abundance between odd and even 
atomic number elements and to show any variation within the REE group. 
 
The REE are among the least soluble trace elements and are relatively immobile in 
groundwater. If REE are present in groundwater they are generally sorbed onto 
suspended colloidal material such as Fe-oxyhydroxide (Smedley, 1991). In the current 
study, all of the REE (except Eu) only have values above the detection limit for at most 
three samples (Table 5.16), as do Nb, Hf, Hg and Th, which coincide with the three 
samples listed in Table 5.15. This indicates that the REE are attached to the clay 
minerals and Fe-oxyhydroxides in these clay-rich samples. 
 
In seawater and river water, the REE concentration increases from light to heavy REE 
(Rollinson, 1993) and ocean water generally shows a negative Ce anomaly (Smedley, 
1991). The groundwater of the current study shows a trend of increasing content 
between La and Eu, followed by a flattening or slight decrease in the HREE (Figure 
5.21). Like most studies of freshwater, the current study failed to detect a significant 
negative Ce anomaly (Hoyle et al., 1984).  
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Europium occurs (above the detection limit) in many more samples than the three listed 
in Table 5.15 (Figure 5.22). Europium anomalies are common in rocks and are mostly 
controlled by feldspars because Eu is compatible with plagioclase and K-feldspar due to 
its divalent nature and ability to substitute for Ca (Rollinson, 1993). The presence of Eu 
in so many of the groundwater samples therefore indicates a strong influence from 
plagioclase or K-feldspars in the groundwater data, supporting the classing of the group 
two elements as the products of potassic alteration of K-feldspars. The majority of the 
samples containing Eu are from the Hunter Tunnel, indicating these samples have an 
enhanced contribution from the second end member. 
 
Table 5.16. Occurrence of rare earth elements. The following REE only occurred above the detection 
limit in the samples shown. 
 
Element AG121 AG74 AG87 
La ! ! ! 
Ce ! ! ! 
Pr ! !  
Nd ! ! ! 
Sm ! !  
Gd !   
Dy ! !  
Er !   
Yb !   
 
1
10
100
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
REE
(s
am
pl
e/
sh
al
e)
 x
 1
06
AG121
AG74
AG87
 
Figure 5.21. The shale-normalised concentration of REE in three groundwater samples. The REE 
are in order of atomic number and missing values are below the detection limit. Note that a strong 
negative Ce anomaly does not exist but a positive Eu anomaly occurs in AG121. 
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Figure 5.22. The occurrence of Eu in groundwater samples. Note that Eu occurs in many more 
samples than the other REE. 
 
5.3.1.2.1 Detecting Igneous Intrusions 
The geochemistry of groundwaters may be used to detect the presence of deep, 
concealed mineral deposits (Giblin, 1995). Mafic rocks can be identified by the 
presence of high relative concentrations of Mg and locally anomalous Co, Ni and Cr in 
groundwater. Manganese is enriched in mafic igneous rocks but it may also precipitate 
and so accumulate in sediments (Hem, 1985 in Giblin, 1997). Zones of potassic 
alteration can be identified by enhanced concentrations of Rb and Cs, and locally 
increased K/Na ratios (Giblin, 1995, 1997).  
 
The groundwater was investigated for anomalous patterns in Mg, Co, Ni, and Cr to test 
for the presence of mafic rocks. If each of these elements was represented in one group 
then that group could be attributed to a mafic igneous contribution. Magnesium, Co and 
Ni are present in group one, while Cr, V and Co are present in group two. Also, in the 
combined, shallow and deep data sets none of these five elements show spatial trends 
that locate the igneous intrusions. The levels of these elements are low near some dykes 
and high near others. Therefore, a strong igneous signal has not been identified in this 
groundwater using this method. The lack of a mafic signal in the groundwater may 
reflect the high level of weathering that the intrusions have undergone (section 3.3.1). 
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If the concentration of Zn correlates with the ratio of Mg/Ca then it indicates an igneous 
influence (Giblin, pers. comm. 1999). Accordingly, these correlations were performed 
on each data set but no significant correlation was found (combined r = -0.08, shallow 
r = -0.20, and deep r = 0.07). This indicates that a strong igneous signal has not been 
identified in this groundwater using this method either. 
 
In magmatic rocks, a large proportion of the B does not substitute for Al or Si in silicate 
structures and, as a result, B is easily removed from igneous rocks by groundwater 
(Barth, 2000). In contrast, B occurs at low levels in rainwater and is not easily removed 
from other rock types; therefore, a high B content indicates the presence of igneous 
rocks. The B content of the groundwater samples in the combined data was plotted in 
the GIS, but no obvious spatial link between the B content and the known location of 
intrusions was found. The B content does not show any spatial trend due to the 
extremely low number of samples that it was detected in (n = 9).  
 
Water from aquifers that geochemically match felsic igneous rocks have Na and K > Ca 
and Mg; whereas the reverse occurs for mafic igneous rocks (Giblin, 2001). Waters 
from aquifers with compositions between these extremes show intermediate 
relationships (Giblin, 2001). Accordingly, these comparisons were performed on all 
three data sets from the current study but the data do not match either of the two 
patterns, indicating that the aquifer material has mixed compositions. 
 
In order to test for potassic alteration, the ratio of K/Na and the Rb content in the 
combined data were plotted in the GIS. A noticeable spatial pattern is evident with 
respect to the known location of igneous intrusions (Figures 5.23 and 5.24). Low values 
were found near all of the intrusions and high values at the locations most distant from 
the intrusions. When the patterns for the Rb content and K/Na were examined in the 
deep data, the same pattern was found but in the shallow data the pattern is not evident. 
No obvious pattern in the Cs content in the combined or deep data is evident but in the 
shallow data, Cs does show a spatial trend of increasing concentration near intrusions.  
 
The ratios of S/Ca, S/Mg, Na/S and Na/Br in the combined data show spatial trends that 
indicate the location of the intrusions. The patterns have high (or low) values near the 
intrusions and low (or high) values away from the intrusions (Figures 5.25, 5.26, 5.27 
and 5.28 respectively). The ratios of K/Br and Mg/Sr show the opposite pattern with 
low values near the intrusions and high values distant from them (note this is the same 
pattern as that of K/Na) (Figures 5.29 and 5.30).  
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The molar Sr2+/Ca2+ ratios of rocks along the evolutionary path of groundwater are 
approximated by the molar Sr/Ca ratios of that groundwater (Toran and Saunders, 1999) 
and the ratio indicates the amount of cation exchange. Ancient limestones have a molar 
Sr/Ca ratio of 0.0006 (Morse and Mackenzie, 1990 in Toran and Saunders, 1999), 
whereas the average shale has a ratio of approximately 0.007 (Krauskopf, 1979 in Toran 
and Saunders, 1999) and Na-rich plagioclase feldspars have a ratio of 0.01-0.02 (Smith, 
1974 in Toran and Saunders, 1999). 
 
In the combined data, the average molar Sr/Ca = 0.039, the ratio shows that this 
groundwater interacts with feldspars, the source of which must be the igneous 
intrusions. The deep data have a higher value than the shallow data (0.043 and 0.036 
respectively), indicating that a greater igneous influence is experienced in the deep 
aquifers. When the spatial pattern of Sr/Ca for the deep data is investigated, the ratio is 
largest to the west of intrusions, as expected because the groundwater travels from east 
to west. The groundwater travels in this direction because it follows the direction of dip 
of the Upper Wynn seam (Doyle and Lohe, 1996). In the shallow data the spatial pattern 
is not as obvious.  
 
Areas with a mafic influence can be identified by the ratio of Mg concentration to the 
total cations in meq ([Mg2+]/[Total Cations]) (Giblin, pers. comm. 1999). When this 
ratio was plotted in the GIS for the combined, shallow, and deep data, it showed a very 
different pattern to that of Sr/Ca, which also indicates an igneous influence. The ratio 
[Mg2+]/[Total Cations] does not show any obvious spatial trends or links to the known 
location of igneous intrusions at Dartbrook (Figure 5.31).  
 
As noted in the previous section, the samples from the Hunter Tunnel have differences 
in composition, as indicated by their scattering in Figure 5.19. In particular, the samples 
from 22MH (445 m) plot distinctly distant from the other tunnel samples, while the rest 
of the tunnel samples (1250 m, 1425 m, 1485 m, 1550 m, 2600 m, 2680 m and 3050 m) 
plot close together (see Figure 5.1 for the sample locations). The Hydra dyke intersects 
the Hunter Tunnel at 2844 m. Two samples from near the intrusion, 2600 m and 2680 m 
plot separately from the other tunnel samples and are therefore probably most affected 
by the igneous influence. The tunnel samples from 1425 m, 1485 m, 1550 m and 
3050 m plot near on another in Figure 5.19, indicating similar compositions.  
0
.3
6
-0
.6
7
198
 199
The samples plot in a quasi-linear fashion in the order that they occur in the tunnel 
however, indicating that some differences occur in their composition. Comparison of 
Figures 5.32, 5.33, 5.34, and 5.35, also illustrates the slight differences probably due to 
proximity to the Hydra dyke. The samples from 22MH (Figure 5.36), however, do not 
show the igneous influence, due to the distance from the intrusion. The difference in 
chemistry may be due to different aquifers because 22MH is much shallower than the 
other tunnel sampling locations. The distribution of data from shallow and deep aquifers 
distant from the tunnel plotted on Figures 5.37 and 5.38, however, shows little 
resemblance to the tunnel samples, indicating that it is an igneous influence rather than 
depth influence on the tunnel samples.  
 
The drill-holes RDH461 and RDH467 were drilled above an igneous plug. Two samples 
were collected from each of these holes at the top of the saturated zone. The two 
samples from RDH461 (AG104 and AG114) have very different major cationic 
composition but very similar anionic composition (see the separation of the two samples 
in Figure 5.19). The two samples from RDH467 (AG106 and AG93) also have very 
different major cationic content, particularly with regards to Fe and quite different 
anionic compositions. The composition of the four samples was investigated for an 
igneous influence but no link was found due to the very shallow depth of sampling. 
 
5.3.1.2.2 Summary 
The PCA by sample divided the data into two groups, the shallow samples and the deep 
samples. An igneous influence was detected in the groundwater from near the Hydra 
dyke in the Hunter Tunnel. Rare earth elements are attached to clay minerals and Fe-
oxyhydroxides in the clay-rich groundwater samples. A mafic igneous signal was not 
detected in the groundwater because the highly weathered dykes do not have any 
remaining mafic minerals.  
 
X
Element
AG 94 
AG86 
AG90 
AG76 :
Figure 5.32. A comparison of the chemistry of four samples from 1550 m over time. The samples are 
arranged in chronological order -  the top sample (AG94) was taken first. The concentration of each 
element is in ug/L except HC03, Na, Mg, Cl, K, Ca, Br, Sr, and Ba, which are reported in mg/L. Only 
elements with values above the detection limit for all samples are shown. Note the similarities and 
differences to Figures 5.33, 5.34, and 5.35.
10000
Element
AG98 
AG84 
AG 103 
- AG73 
-A G 78
Figure 5.33. A comparison of the chemistry of five samples from 1425 m over time. The samples are 
arranged in chronological order -  the top sample (AG98) was taken first. The concentration of each 
element is in pg/L except HC03, Na, Mg, Cl, K, Ca, Br, Sr, and Ba, which are reported in mg/L. Only 
elements with values above the detection limit for all samples are shown. Note the similarities and 
differences to Figures 5.32, 5.34, and 5.35.
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5.3.1.3 Temporal Trends 
Up to five samples were collected from each underground site over the period of the 
study. In this section the data from these locations (Figure 5.39) are investigated to test 
for temporal trends. A figure showing variations in the elements over the study period 
was created for each location, for the entire data set and also for groups one and two in 
Table 5.6. In each of the latter figures only elements that are represented in all samples 
are shown (see Appendix Table C.6 for those with incomplete records). The correlation 
results for the multiple samples from each location indicate that the samples are almost 
identical (r ranges from 0.99 to 1). Each of the multiple samples correlates in the same 
way to component one and two in Table 5.14. 
 
Four samples were collected from 1550 m (AG94, 86, 90 and 76) over the study period 
(Table 5.17). The samples are virtually identical in major cationic composition but 
differences in the major anionic composition are apparent (Figures 5.6 and 5.7). Figure 
5.32 shows the variation in the major and trace elements over this time period. 
Graphically the four samples are very similar (r = 1) for most elements but some 
differences are evident, highlighting that statistics alone are insufficient for geochemical 
studies. The most obvious differences are for As, Zr, and Cs. The sample that differs 
most from the others is AG94  the first sample; it plots distinctly separate from the 
other samples from 1550 m in Figure 5.19. Sample AG94 was taken 487 days before the 
next while the subsequent samples were taken at much closer intervals. This indicates 
that on an annual timescale some variation in the groundwater chemistry does occur.  
 
Five samples were collected from 1425 m (AG98, 84, 103, 73 and 78) over the study 
period (Table 5.17). The samples have quite different major anionic and cationic 
compositions, especially with regards to Fe (Figures 5.9 and 5.10). Figure 5.33 shows 
the variation in the major and trace elements over this time period. Since there are five 
samples from this location, the number of incomplete records is higher and the culling 
of the incomplete elements makes trends more difficult to determine. Graphically the 
five samples are very similar (r ranges from 0.99 to 1). The components that are most 
obviously different between the five samples are HCO3, Zr and Cs with small 
differences in K, Ca, As, Br, and Sr. The sample that shows the most variation from the 
others is the first sample (AG98), it plots distinctly separate from the other samples 
from 1425 m in Figure 5.19. Sample AG98 was taken 487 days before the next, 
indicating once again that there is some variation in the chemistry of the deep aquifers 
on an annual timescale.  
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Table 5.17. Temporal pattern for multiple samples. The number of days since the last sample is in the 
far column, for example, AG86 was taken 487 days after AG94. Sampling did not occur at all locations 
during all sampling periods, for example only two samples were collected from KH26CT. 
 
Location Sample Number Date No. of Days 
1550 m AG94 12/07/99  
 AG86 10/11/00 487 
 AG90 12/03/01 122 
 AG76 23/05/01 72 
1425 m AG98 12/07/99  
 AG84 10/11/00 487 
 AG103 27/11/00 17 
 AG73 12/03/01 105 
 AG78 23/05/01 72 
22MH AG110 12/07/99  
 AG80 10/11/00 487 
 AG115 27/11/00 17 
 AG79 12/03/01 105 
 AG77 23/05/01 72 
3050 m AG89 10/11/00  
 AG119 27/11/00 17 
 AG81 12/03/01 105 
 AG82 23/05/01 72 
1485 m AG85 27/11/00  
 AG113 12/03/01 105 
KH26CT AG112 11/05/99  
 AG96 12/07/99 62 
 
Five samples were collected from 22nd Man-Hole (22MH) (AG110, 80, 115, 79 and 77) 
over the study period (Table 5.17). The samples are similar in major cationic 
composition, except AG115, which is the only sample with a significant Fe content 
(Figures 5.10 and 5.11). The major anionic composition of these five samples varies 
widely, particularly the HCO3 content. Figure 5.36 shows the variation in the major and 
trace elements over this time period. Graphically the five samples are similar (r ranges 
from 0.99 to 1) for some elements and different for others. The elements that are most 
obviously different are Ni, As, Se, Sr, Cs, and Ba. Sample AG110 plots distinctly 
separate from the other samples from 22MH in Figure 5.19. This sample was taken 487 
days before the next sample. These samples are very shallow and therefore it is not 
surprising that this shallow aquifer shows variations on the annual timescale since 
shallow aquifers are affected by interaction with soil and atmospheric precipitation. The 
variations are not in the same elements as for the deeper samples from the Hunter 
Tunnel but the data imply fast recharge at both levels.  
 
Four samples were collected from 3050 m (AG89, 119, 81 and 82) over the study period 
(Table 5.17). The samples have similar major cationic compositions, except for AG81, 
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which has differences in its Fe content (Figures 5.11 and 5.12). The major anionic 
composition of the four samples is variable. Figure 5.34 shows the variation in the 
major and trace elements over this period. The four samples are graphically very similar 
(r ranges from 0.99 to 1), the only elements that show obvious differences are Ca, Zn 
and Tl. The difference between these four samples and the others discussed in this 
section is that no sample differs systematically from the others. This is probably because 
the interval between samples in this case is smaller than the other cases, and therefore 
no variations were observed on the sub-annual scale. 
 
Two samples were collected from 1485 m (AG85 and AG113) over the study period 
(Table 5.17). The samples have almost identical major cationic compositions and 
similar major anionic composition (Figure 5.11). Figure 5.35 shows the variation in the 
major and trace elements over this period. Graphically the two samples are very similar 
(r = 1) though HCO3, Ca, As, Mo and Tl are slightly different. The strong similarity 
between the two samples is not surprising because the samples were only taken 105 
days apart and sub-annual variations were not observed in other samples.  
 
Two samples were collected from K heading 26th cut through (KH26CT) (AG112 and 
AG96) over the study period (Table 5.17). The major cationic composition of the two 
samples is similar, the major difference however is that AG112 has a detectable level of 
B whereas AG96 does not (Figures 5.5 and 5.6). The major anionic composition of the 
two samples is identical. Figure 5.40 shows the variation in the major and trace 
elements over this period. Graphically the two samples are very similar (r = 1) for some 
elements and different for others. The most obvious differences are for Ca, Cu, As, and 
Ba. The two samples plot distinctly separate in Figure 5.18. The differences between the 
two samples were not expected because of the short amount of time (62 days) between 
the samples. These are very deep samples (Table 5.14), which indicates there are sub-
annual temporal variations in the groundwater chemistry in the very deep aquifer. 
Because deep groundwaters generally show no seasonal variations (Hoefs, 1997; 
Grasby et al., 2000), the seasonal variations at Dartbrook indicate that the deep aquifers 
are semi-confined. 
 
Element
Figure 5.40. A comparison of the chemistry of two samples from KH26CT over time. The samples 
are arranged in chronological order -  the top sample (AG112) was taken first. The concentration of each 
element is in pg/L except HC03, Na, Cl, K, Ca, Br, Sr, and Ba, which are reported in mg/L. Only 
elements with values above the detection limit for all samples are shown.
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5.3.1.3.1 Summary 
In conclusion, the temporal patterns have several facets. At three locations a sample was 
taken 487 days before the next while the subsequent samples were taken at much closer 
intervals. In each of these cases, the first sample showed the greatest variation in 
composition to the others. This indicates that on an annual timescale, some variation 
occurs in the groundwater chemistry at Dartbrook. The fact that all three locations show 
the same pattern is significant because while two of the three locations are deep, the 
third is shallow. This implies that fast recharge of the aquifers occurs at both levels. In 
most cases where the time-interval between samples is small and no variation was 
observed on the sub-annual scale. In the case of the very deep samples from KH26CT, 
however, differences were observed between two samples taken only 62 days apart. 
This indicates that temporal variations occur in the groundwater chemistry in the very 
deep aquifer at the sub-annual scale.  
 
In the multiple samples from each location several elements, particularly Ca and As, 
display slightly different trends, the two elements that are most common between the 
samples are Ca and As. This probably indicates changes in element availability; as 
mining proceeds the aquifers at Dartbrook are becoming more and more fractured and 
oxidised. When the supports are removed from a disused long-wall, the overlying strata 
collapse into the goaf, causing cracking of the aquifers and allowing downward 
infiltration of fresh groundwater from upper aquifers (Mackie Environmental Research, 
2000). The shallow water has a higher dissolved oxygen content than the deep water, 
meaning that oxygenated water is reaching new areas that were previously relatively 
anoxic. The obvious impact of this is oxidation of minerals, in particular sulphides 
(pyrite occurs in the Wynn seam, see section 3.3.3), which in turn releases new elements 
(for example Fe, S and As; Jain and Ali, 2000) to the deep groundwater. The process of 
fracturing and oxidation is ongoing and explains the temporal variations in the 
groundwater data. 
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5.3.1.4 Aquifers 
In many studies groundwater compositions show major variations with RL (Frape et al., 
1984; Appelo and Postma, 1994; Dutton, 1995; Douglas et al., 2000). The groundwater 
data from the current study were compared to RL to determine if depth plays a major 
role in groundwater composition at Dartbrook. A lack of trend with depth would 
indicate that the aquifers at Dartbrook are semi- to un-confined and mixing is occurring 
between aquifers. 
 
Several authors report that salinity/TDS increases with depth (Frape et al., 1984; 
Peterman and Wallin, 1999; Douglas et al., 2000; Kloppmann et al., 2001), but the 
combined data from Dartbrook have no obvious trend (Figure 5.41), although if 
anything, TDS may increase with increasing RL. 
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Figure 5.41. Variation in TDS with RL (masl). A clear relationship does not exist between the two 
variables. 
 
In the combined data several elements (Mg, Al, S, Cl, Ge, Se, Br, and W) increase in 
concentration as RL increases. Other elements, such as K, Cr, Cu, Rb, Zr, I, Cs, Ba, and 
Eu decrease in concentration as RL increases. This indicates that the groundwater 
chemistry does alter with depth and therefore the aquifers must be at least semi-
confined. The sets of elements that have differing responses to RL indicate that there are 
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at least two end members, the group one elements and the group two elements mixing to 
give the groundwater a different composition at different depths.  
 
According to Mackie (pers. comm. 2000), Dartbrook does have semi-confined aquifers 
that:  
(i) follow the topography; 
(ii) are joint controlled; 
(iii) are mostly unconfined (due to linkage between aquifers in most areas); 
(iv) have some claystone bands acting as confining layers; and 
(v) commonly flow through coal layers. 
 
Striking differences in groundwater composition had been expected between the 
shallow and deep water but these were not found. This may indicate that the aquifers are 
not confined at Dartbrook and there is downward infiltration of the shallow water. 
Alternatively, the aquifers may share a common source somewhere upstream and the 
flow rate is rapid enough that the water does not change significantly in composition 
despite the different lithologies in the different aquifers, or the rocks in the flow-path 
may be so leached that only the most immobile elements remain for this modern water 
to extract. In the latter case, these immobile elements would be in such low 
concentrations due to their low mobility and leachability that their presence in the water 
may be masked by other more abundant elements. This model seems unlikely since at 
least two end members were found in the groundwater chemistry. 
 
Downward infiltration is very likely, especially under the Hunter River. In the Hunter 
Tunnel, which travels under the river, the water readily trickles out of the tunnel roof in 
at least eight locations and samples were taken from each of these locations. It may be 
that mining has fractured the upper rock layers allowing downward infiltration of water 
from upper aquifers and possibly even river water. In order to test whether this is the 
case, samples that were taken from different depths down the same drill-hole (distant 
from the Hunter River) have been examined.  
 
Two drill-holes (RDH473 and RDH474, see Figure 5.39 for the locations) permitted 
sampling from more than one depth but the method of sample collection (Section 
5.2.1.3) does place some constraints on the data. The samples were taken down a hole 
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that was drilled a few days beforehand and may not have settled and stratified 
completely. In addition, as the baler travels down the hole it may produce mixing and 
disturbance as it passes through the shallow aquifers to reach the deep water. 
 
Two samples, AG111 and AG105, from 37 and 112 masl respectively, were taken from 
drill-hole RDH474. The chemistry of the two samples is very similar (r = 0.99) but only 
sample AG111 correlates significantly to component two (Table 5.14), thus indicating a 
slight difference in the chemistry of the two samples. Also, in Figure 5.18 the two 
samples plot wide apart indicating a significant difference in composition. The samples 
have vastly different major cationic compositions due to a large Fe content in AG105 
(Figure 5.7). In contrast, the major anionic composition of these two samples is identical 
and completely dominated by Cl. The concentrations of five elements (Cl, K, Ca, W and 
U) are very similar in both samples but the concentrations of some trace elements, 
particularly the transition metals, are different (Figure 5.37). The differences between 
the samples is unexpected since both of the samples are shallow and correlate so well. 
However, the two samples have a vertical separation of 75 m and the differences may 
reflect tapping of different aquifers. The deeper sample has the higher concentration for 
most of the elements, as can be expected since deeper groundwater tends to be older and 
have greater solute content (Douglas et al., 2000). On the days after the hole was drilled 
and before these samples were taken, however, there was heavy rain. Another possible 
explanation is that the upper sample was merely diluted by rain and surface runoff.  
 
The elements in groups one and two in Table 5.6 were graphed for the two samples 
from RDH474 (Figures 5.42 and 5.43). For the group one elements, the shallow sample 
(AG105) is lower in concentration for almost all of the elements but the trend for both 
samples is very similar. In the group two elements, the link between the two samples is 
undeniable, with the deepest sample higher in all elements but the same trend mirrored 
for both samples. 
 
Four samples (AG101, AG95, AG123 and AG88) were taken from 0, 20, 70, and 
145 masl respectively in drill-hole RDH473. These four samples correlate extremely 
well to one another (r ≥ 0.95) and each of the samples also correlates very well to 
component one in Table 5.14. Based on these statistics alone, the four samples should 
be essentially identical. Three of the four samples (AG101, 95 and 88) have very similar 
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Figure 5.42. A comparison of the chemistry of two samples from RDH474 for the group one 
elements. The samples are from different reduced levels and are arranged in order of increasing RL. The 
concentration of each element is in pg/L except Mg, Cl, Ca, Br, and Sr, which are reported in mg/L. On y 
elements with values above the detection limit for both samples are shown. Note that AG111 is generally 
higher in each element than AG 105 but the two samples have a similar trend.
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Figure 5.43. A comparison of the chemistry of two samples from RDH474 for the group two 
elements. The samples are from different reduced levels and are arranged in order of increasing RL. The 
concentration of each element is in ug/L except K and Ba, which are reported in mg/L. Only elements 
with values above the detection limit for both samples are shown. Note that AG111 is consistently higher 
in each element but follows the same trend as AG 105.
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major cationic compositions but the fourth (AG123) is different due to an elevated Fe 
concentration (Figures 5.4 and 5.5). Sample AG123 is from an intermediate depth in 
this series of samples, but has no similarity to the samples above and below it, 
indicating no systematic variation in major cationic composition with depth. The major 
anionic composition of each sample is largely the same. These similarities in major 
ionic composition indicate no variation with depth. Contents of trace elements (e.g. the 
transition metals), however, do vary (Figure 5.38) particularly in the deepest and 
shallowest samples. In Figure 5.19, three of the four samples plot fairly close together, 
indicating similar compositions but the deepest sample, AG101 plots separate from the 
others, indicating a significant difference in composition. Together this indicates that 
some stratification has occurred in this drill-hole and the water is indeed from different 
aquifers. 
 
Samples AG95 and AG123 are very similar in their composition despite a difference in 
depth of 50 m. This similarity may be due to mixing and disturbance, or water from the 
aquifer that supplied the water at 70 masl may have infiltrated the hole down to 20 masl. 
This may be because the upper aquifer flows faster or there may not be any aquifers 
between these levels.  
 
The deepest samples in this data set (from KH26CT and G106/3CT) plot distinctly 
separate from the remaining samples in Figure 5.18. These samples are from an RL of   
93 masl, another particularly deep sample AG92 is from 34 masl, and this sample 
also plots near KH26CT and G106/3CT. The chemistry of the samples from KH26CT 
(Figure 5.40) and G106/3CT is very different from the other samples in the data set in 
that it is completely dominated by the group two elements and these samples have 
detectable levels of Ti, whereas 46 of the samples do not. This indicates a difference 
between the deep and shallow aquifers. 
 
Some shallow samples (e.g. AG83 and AG97) are dominated by group one elements. 
Figure 5.18 has a large cluster of samples in the middle of the plot from a range of RLs 
(247 masl to 15 masl), indicating that most of the samples have a mixed contribution 
from the first and second end member. 
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5.3.1.4.1 Summary  
In conclusion, groundwater composition does indeed vary with depth at Dartbrook. The 
two main end members previously identified as affecting the groundwater composition 
have varying amounts of influence on the groundwater composition with depth. The 
composition of the deepest samples is dominated by group two elements, while some 
shallow samples (e.g. AG83 and AG97) are dominated by group one elements. The 
majority of samples have a mixed contribution from the two main end members. This 
indicates that the aquifers are semi-confined because:  
(i) the majority of samples have a mixture of the two main end members, 
indicating mixing is occurring; and 
(ii) the deepest samples are different from the shallowest, indicating that mixing 
is not complete. 
 
5.3.1.5 Routine Monitoring Data
Over a period of 56 months, Dartbrook collected ‘in-house’ groundwater samples from 
a possible maximum of 102, mainly very shallow, locations for monitoring purposes 
(Figure 5.44). Ten episodes of sampling from varying numbers of locations were 
undertaken during that time (Table 5.18) for the variables in Table 5.19.
Table 5.18. Routine sampling periods at Dartbrook. The number of days since the previous sample 
was taken is shown and the number of locations that were sampled is shown in the last column.
Sam pling Date No. o f days No. o f locations
1st (a) 01/04/92 81
2nd (b) 01/07/92 91 93
3rd (c) 01/10/92 92 94
4th (d) 01/12/92 61 84
5th (e) 01/04/93 121 77
6th (f) 01/08/93 122 77
7th (g) 01/12/93 122 75
8th (h) 01/12/94 365 90
9th (i) 01/12/95 365 84
1 oth (i) 02/12/96 366 87
Table 5.19. Components analysed in Dartbrook’s routine groundwater samples.
Analyte
pH
EC
TDS
Ca
Mg
Na
K
Cl
S
HC03‘
cof
Variations are evident in the Mg content over the 10 sampling periods, but no single set 
of samples from the same sampling period dominates the chemistry at all sites so no 
systematic variation is apparent (Figure 5.45). Variations also occur in the Ca content 
over time but the variation is not systematic (Figure 5.46). The variation in the Ca 
content is not on the annual timescale because the samples collected in periods seven, 
eight, nine and 10 (all early December, one year apart) have very similar contents.
Obvious variations also occur in the Na and Cl contents over time (Figures 5.47 and 
5.48). The samples from the first and fourth sampling periods at the start of April and 
December respectively, following wet months (Figure 5.49) have low [Na] and [Cl], 
reflecting dilution of the shallow groundwater by atmospheric precipitation.
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Figure 5.45. Temporal variations in Mg concentration over the ten sampling periods. T he p eriods are
lab e lled  a-j as lis ted  in  T able 5 .18. T he sam p le  n u m b ers  on  the x -ax is are  the sam e in  each  figure.
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Figure 5.46. Temporal variations in Ca concentration over the ten sampling periods. T he periods
are  labelled  a-j as lis ted  in  T able 5 .18. T he  sam ple num bers on  th e  x -ax is are  the sam e in each  figure.
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Figure 5.47. Temporal variations in Na concentration over the ten sampling periods. T he periods
are la b e lled  a-j as lis ted  in  T able 5 .18. T he  sam ple num bers  on  th e  x -ax is are th e  sam e in  each  figure.
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Figure 5.48. Temporal variations in Cl concentration over the ten sampling periods. T he p erio d s  are
labelled  a-j as lis ted  in  T able 5.18. T he sam ple num bers on  the x -ax is  are the sam e in each figure.
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Month
Figure 5.49. Muswellbrook mean monthly rainfall. Note the seasonal trend in rainfall, with the 
heaviest rain occurring during summer. Data from Bureau of Meteorology.
Obvious variations are also evident in the S content over time (Figure 5.50). The 
samples from the second and third sampling periods have higher [S] than the other 
periods. These samples were taken at the start of July and October, following the dry 
autumn and winter months (Figure 5.49). After a dry period, the shallow groundwater 
would be more concentrated than in the wet months due to less dilution by atmospheric 
precipitation.
Variations in the K content with time are not systematic (Figure 5.51) but the lower [K] 
in the fourth period probably reflects dilution by precipitation. Unlike the other major 
ions, the HC03 content obviously varies with time (Figure 5.52) and these differences 
are systematic with samples from the third sampling period (c) dominating the 
chemistry (Figure 5.53). These samples were taken at the start of October, following the 
dry winter months and are therefore more concentrated than in the wet months due to 
less dilution by atmospheric precipitation.
Variations were encountered in the routine monitoring data on the sub-annual and 
annual timescales. The sub-annual variations are mostly due to differences in monthly 
rainfall while the annual variations may be due to annual rainfall differences or the 
effects of mining on groundwater composition.
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Figure 5.50. Temporal variations in S concentration over the ten sampling periods. T he p eriods are
labelled  a-j as listed  in  T able 5 .18. T he sam p le  n u m b ers  on  th e  x -ax is  a re  the sam e in  each  figure.
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Figure 5.51. Temporal variations in K concentration over the ten sampling periods. T he periods
are lab e lled  a-j as lis ted  in  Table 5 .18. T he  sam p le  num bers on  th e  x -ax is  are  the  sam e in  each  figure.
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Figure 5.52. Temporal variations in HCO3 concentration over the ten sampling periods. The
periods are  labelled  a-j as lis ted  in  T able 5.18. T he  sam ple num bers on the x-axis are the sam e in  each
figure.
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The normalised value was calculated for each ion from one location (BRO3) that had 10 
sampling episodes (Figures 5.54 and 5.55). The data indicate a lack of annual variation 
at Dartbrook but suggest that seasonal variations are very important in the shallow 
groundwaters. For example, samples collected during the eighth, ninth and tenth periods 
(at the beginning of December of consecutive years) have similar contents of both the 
cations and anions. In the cations, the first sample period is very different to all others. 
The samples taken after dry months in the second and third periods are very similar in 
the cations and anions. Samples from the fourth, fifth and sixth periods are similar in the 
cations and these samples were taken within eight months of each other. Conversely, the 
anions show a large amount of variation over these three periods. The sample from the 
seventh period was collected only four months after the sixth but has very different 
contents of both cations and anions indicating that short-term variations occur. Overall, 
annual variations are not evident but seasonal variations are common. 
 
Swanson et al. (2001) calculated the mean and coefficient of variation for each 
sampling location in their study of groundwater from the USA. Comparison of the 
means allowed them to assess spatial variations while the coefficient of variation 
reflected temporal variability. The coefficient of variation was calculated on the routine 
monitoring data in the current study for each element (not shown). The greatest 
temporal variation in Na, Mg and Cl is in the southeast above the Hunter Tunnel and in 
the northwest of the mine-lease. Calcium, S and HCO3 have a similar pattern to each 
other with large temporal variations throughout the mine-lease. Potassium also has large 
temporal variations throughout the mine-lease. 
 
These samples were taken from very shallow depths (mostly <20 m) at the top of the 
saturated zone, which corresponds to alluvium in the low-lying areas (Mackie 
Environmental Research, 2000). The shallow groundwater would be affected by surface 
run-off, precipitation and interaction with soil (Hem, 1970). The composition of very 
shallow groundwater is assumed to reflect seasonal variations in precipitation. Seasonal 
variations in groundwater composition were observed and are more important than 
annual variations. Temporal variations may be even more evident in the contents of 
trace elements but these were not determined in these routine analyses.  
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Figure 5.54. The major cation and anion composition for the first five sampling periods, routine 
sampling location BR03. The percentage composition of each ion is shown.
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Figure 5.55. The major cation and anion composition for the second five sampling periods, 
routine sampling location BR03. The percentage composition of each ion is shown.
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Such shallow water should also have a very different composition to deep groundwater 
(Frape et al., 1984). The composition of this surface water is dominated by the group 
one elements (first end member) as was found in some shallow samples (e.g. AG83) in 
the current study, whereas the deep groundwater from the current study (e.g. AG124) is 
dominated by the group two elements (second end member). 
 
The routine monitoring data were correlated (Appendix Table C.7) and PCA was 
performed by element (Table 5.20). The PCA indicates the presence of two types of 
water in these very shallow aquifers: (i) Na-Ca-Mg-Cl-SO4-HCO3-type water 
(dominant); and (ii) K2CO3-type water. The strongest correlation for K is to carbonate 
(r = 0.20). Sodium correlates very strongly to Cl (r = 0.93), this is an astonishingly high 
correlation since N = 843. The six elements that correlate strongly to component one 
(Ca, Mg, Na, S, Cl, and HCO3) also correlate strongly to the TDS and electrical 
conductivity (EC) in the water as can be expected because these elements dominate the 
chemistry and cause the salinity.  
 
The very shallow nature of the groundwater implies that the most probable source of the 
Na-Ca-Mg-Cl-SO4-HCO3-type water is dissolved marine evaporite minerals and mixing 
with meteoric water. The K2CO3-type water probably obtained its composition through 
interaction with clays and K-feldspars in the soil and unsaturated zone. Differences 
occur between these two end members and the end members in Section 5.3.1.1.4 in the 
current study. The first end member is similar to that found in the current study and 
accounts for 48% of the variance in a data set of 843 samples, while the second end 
member differs from that found in the current study but only accounts for 14% of the 
variance in the routine monitoring data. The first end member dominates the routine 
monitoring data, as is case in the shallow groundwater in the current study. 
 
No link is obvious between the spatial trend of the ratio of Mg concentration to the sum 
of all cations and the position of known igneous intrusions. The absence of an igneous 
influence on the shallow groundwaters results from the lack of:  
(i) significant interaction between fresh surface water and its surroundings; and 
(ii) out-crop of intrusions at the ground surface. 
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Table 5.20. Principal component analysis by element on the routine monitoring data. High positive 
correlations are shaded dark grey and the negative values are light grey. The majority of analytes correlate 
strongly to the first component. 
 
Component 1 2 
% Variance 48 14 
Ca 0.55 -0.48 
Mg 0.82 -0.21 
Na 0.90 0.11 
K 0.36 0.48 
Cl 0.92 -0.06 
SO4 0.71 0.06 
CO3 0.25 0.78 
HCO3 0.71 -0.04 
 
5.3.1.5.1 Summary  
The routine shallow groundwater samples collected by Dartbrook show temporal 
variation on the seasonal scale and less so on the annual scale. The seasonal variations 
indicate that the shallow groundwater is affected by atmospheric precipitation. The 
shallow groundwater is different to the deep groundwater analysed in the current study, 
indicating the aquifers at Dartbrook are semi-confined. Two end members comprising 
Na-Ca-Mg-Cl-SO4-HCO3-type water and K2CO3-type water affect the shallow 
groundwater composition. The first end member dominates the composition of the 
shallow groundwater, as was found in the current study. 
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5.3.2 SULPHUR ISOTOPES 
 
δ34S values were determined for 40 of the 53 samples collected for the current study, the 
remaining samples were too small in either volume or [S] to obtain δ34S values. The 
analytical uncertainty of the technique was 0.2 at the 95% confidence level. Four 
samples were analysed twice, yielding very similar results for the repeats, within 0.7 
of one another (Table 5.21). The δ34S values for the current study range from 0.3 to 
+63.8 (average = +22.8). The range is extraordinarily large for samples from the 
one study area, especially when compared to the findings of other authors (Table 5.22). 
 
Table 5.21. Sulphur isotope composition of 40 groundwater samples. Four repeat values are listed. 
Samples for which δ34S values were not obtained are marked with N/A. Reduced level in (masl) is given; 
shallow samples (RL > 22 m) are shaded grey. The lowest value is 0.3 and the highest is +63.8. 
 
Sample δ34S RL (masl) Sample δ34S RL (masl) 
AG102 0.3 133 AG99 2.0 227 
AG104 16.0 247 AG106 12.9 247 
AG114 16.0 247 AG106 repeat 12.2  
AG126 -0.3 244 AG93 13.2 247 
AG101 8.4 0 AG93 repeat 13.1  
AG95 8.5 20 AG110 10.8 90 
AG123 8.1 70 AG80 10.7 90 
AG88 8.3 145 AG115 10.9 90 
AG100 36.3 228 AG79 10.9 90 
AG100 repeat 35.6  AG79 repeat 10.8  
AG112 N/A -93 AG77 10.8 90 
AG96 N/A -93 AG125 N/A 22 
AG124 N/A -94 AG85 N/A 20 
AG94 51.8 15 AG113 33.7 20 
AG86 N/A 15 AG89 31.0 22 
AG90 30.3 15 AG119 30.4 22 
AG76 N/A 15 AG81 56.7 22 
AG111 21.5 37 AG82 28.1 22 
AG105 23.3 112 AG107 31.8 182 
AG122 48.7 32 AG109 14.4 190 
AG92 N/A -34 AG108 N/A 162 
AG120 26.2 20 AG118 1.7 165 
AG98 63.8 20 AG75 N/A 162 
AG84 57.9 20 AG121 N/A 190 
AG103 55.5 20 AG83 3.3  
AG73 57.5 20 AG74 N/A  
AG78 56.4 20 AG87 N/A  
AG91 4.4 150 AG116 0.5  
AG97 1.0 187    
 
The sulphur isotope results of the current study show a wide spread of values. The δ34S 
values of the various natural sulphur sources are listed in Table 5.23. In groundwater 
δ34S studies, high values are attributed to dissolution of evaporitic sulphates such as 
gypsum and anhydrite (Kimball, 1992; Edmunds et al., 1996; Douglas et al., 2000; 
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Grasby et al., 2000) and low values to the oxidation of sulphides such as pyrite (Feast et 
al., 1997; Douglas et al., 2000), presence of H2S (Grasby et al., 2000) or weathering of 
igneous rocks (Kimball, 1992). Feast et al. (1997) and Barbecot et al. (2000) explain 
δ34S values higher than seawater as being due to bacterial reduction of sulphate under 
open system conditions so that isotopically light sulphide was lost from the system, thus 
enriching the remaining sulphur. 
 
Sulphate with the δ34S signature of modern seawater is a major contributor to the 
isotopic composition of coastal rainfall. The seasalt content of rainfall decreases with 
distance from the coast, and in the absence of anthropogenic sources, the δ34S ratio 
approaches that of dimethyl sulphide (DMS). DMS (H3C-S-CH3) is a gas that is 
produced by assimilatory sulphate reduction in macro- and micro-algae (seaweed and 
phytoplankton) (Andreae, 1993; Liss et al., 1993; Chin et al., 1998; Jefferson et al., 
1998; Minikin et al., 1998). It forms sulphate in the atmosphere and is readily carried in 
clouds (Andreae and Rapsomanikis, 1993; Charlson, 1993; Kwint et al., 1993). Rainfall 
would therefore be contributing S to the shallow aquifers (meteoric water) with a δ34S 
value of between +15.6 and +21 but close to +15.6 because Dartbrook is located a 
large distance from the ocean. The two very shallow samples from RDH461 have 
δ34S = +16.0 indicating that the S from these samples is dominated by meteoric water 
with a signature close to that of DMS. The two very shallow samples from RDH467 
have δ34S values of +12.6 and +13.2, indicating that the water is dominated by DMS-
derived S but also has an influence from sulphide minerals (which release light S). 
 
Table 5.22. δ34S of groundwater reported by other authors. The location of each study is listed. The 
lowest value reported is 15.0 and the highest is +31.0. 
 
Author Location δ34S () 
Kimball (1992) Utah, USA -10 to +10 
Edmunds et al. (1996) UK +3.1 to +20.9 
Yang et al. (1996) Northern USA +4.3 to +5.6 
Feast et al. (1997) Norfolk, UK -1.1 to +27.8 
Barbecot et al. (2000) Northern France -15.0 to +24.4 
Douglas et al. (2000) Canadian Shield +3.1 to +28.3 
Grasby et al. (2000) Western Canada -10.1 to +31.0 
Martel et al. (2001) Canada +12.28 to +18.02 
 
The current study is based in coal measures and therefore the groundwater will have 
interacted extensively with coal. The coal contains sulphides, mainly pyrite, and 
sulphates, such as gypsum. The 834S of coal has been analysed by several researchers 
and the findings are summarised in Table 5.24, none of which account for the extremely 
high 534S values of the current study.
The average S34S value of the current study (+22.8) lies within the range of Permian 
seawater (+10 to +28) and Permian marine evaporitic sulphates (+10 to +25), as do 13 
of the samples. While the majority of samples probably have a marine influence on the 
534S composition, most of the samples lie outside the Permian marine range. The S in 
samples with low 834S values is dominated by sulphide minerals, such as pyrite, and 
H2S. The S in samples with high 834S values is either dominated by non-marine sulphate 
minerals with heavy S or the S has high values because sulphate was reduced by 
bacteria under open conditions (i.e. the peat swamp) and isotopically light sulphide was 
lost from the system, thus enriching the remaining sulphur.
Table 5.23. Range o f  S^S values o f  va rio u s  s u lp h u r sources. Data from: Nielsen, 1974; Claypool et al. 
1980; Halas, 1987; Gibling et al., 1989; Veizer, 1989; Calhoun et al., 1991; Rollinson, 1993; Clark and 
Fritz, 1997; Hoefs, 1997; Bates et al., 1998; Golab, 1998 (page 103); Logan and Nicholson, 1998; 
Maruyama et al., 2002.
Source 834S (%o)
Sedim entary rocks -40 to +49
Coal -0.3 to +23.9
M etam orphic rocks -20 to  +20
Igneous rocks -3 t o +17
Basaltic rocks 0 to +4
Volcanic H 2 S -8 to  -3
Volcanic SO 2 0 to +10
Iron sulphides -7 toO
Tertiary C a S 0 4 +18 to +21
C enozoic C a S 0 4 +10 to  +18
D evonian to Perm ian C a S 0 4 +10 to  +25
Early Palaeozoic C a S 0 4 +25 to  +35
Perm ian seaw ater +10 to +28
Modern seaw ater +21
DMS (d im ethyl sulphide) + 15.6
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Table 5.24. δ34S values of coal from several locations worldwide. The location of each study is listed. 
The lowest reported value is 18.7 and the highest is +23.9. 
 
Author Location δ34S () 
Golab (1998, page 103) Sydney Basin +2.2 to +3.2 
Golab (1998, page 103) New Zealand +20.6 
Jensen and Nakai (1961) Japan +11.5 to +23.9 
Maruyama et al. (2002) China & Russia -3.7 to +19.1 
Dai et al. (2002) China (pyritic) -18.7 to +1.1 
Dai et al. (2002) China (organic) -12.3 to +5.8 
 
The δ34S values decrease with increasing RL (Figure 5.56) (r = -0.56, statistically 
significant at the 95% confidence level), as was found by Feast et al. (1997). The 
samples from RDH473 display a small variation in δ34S (8.1 to 8.5) (Figure 5.57) but 
the variation is insignificant compared to the range of the entire data set. The two 
samples from RDH474 have a relatively larger but still very small variation (21.5 to 
23.3). 
 
Samples from the Hunter Tunnel have an extreme range of δ34S values, between +10.8 
and +63.8 (Figure 5.58). The samples near the Hydra dyke have low δ34S values, 
indicating an igneous influence (Nielsen, 1974). 
 
The δ34S show some temporal trends; for example, the samples from 1425 m vary from 
+55.5 to +63.8 (Figure 5.59). The samples from 3050 m show large temporal 
variations (+28.1 to +56.7) (Figure 5.60). The samples from 22MH, however, show 
very little temporal variation (+10.7 to +10.9) (Figure 5.61). 
 
The S isotope data were combined with the entire groundwater chemistry and correlated 
together. The elements that negatively correlate to δ34S (Table C.4) all belong to group 
one in Table 5.6 and δ34S has a strong correlation to component one, r = -0.56 (Table 
5.5). This indicates that as the concentration of the group one elements increases, the 
δ34S value decreases.  
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Figure 5.56. Variation in δ34S with reduced level. Note the trend of decreasing δ34S with increasing RL. 
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Figure 5.57. Variation in δ34S with depth in RDH473. The four samples from RDH473 are plotted in 
order of deepest first. The overall variation is very small. 
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Figure 5.58. Variation in δ34S along the Hunter Tunnel. Most samples from near the Hydra dyke 
(2844 m) have low values indicating an igneous influence. 
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Figure 5.59. Temporal trends in δ34S at 1425 m. The samples from this location show considerable 
variation. 
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Figure 5.60. Temporal trends in δ34S at 3050 m. The samples from this location show considerable 
temporal variation. 
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Figure 5.61. Temporal trends in δ34S at 22MH. The samples from this location show very little 
temporal variation. 
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5.3.3 STRONTIUM ISOTOPES 
 
The 87Sr/86Sr values of this study range from 0.704984 (δ87Sr = -7.4) to 0.706647 
(δ87Sr = -5.0) (Table 5.25). The analytical uncertainty of the technique was 0.0019% at 
the 95% confidence level. Very little variation is evident in the 87Sr/86Sr values and the 
values are all remarkably unradiogenic, especially when compared to other published 
values in Table 5.26. The present-day mantle has a depleted 87Sr/86Sr ratio of ~0.703±1, 
while continental crust is enriched in radiogenic 87Sr (87Sr/86Sr > 0.710) (Veizer, 1989). 
The 87Sr/86Sr values of the current study are closer to mantle values than normal 
continental values. The 87Sr/86Sr composition of Late Permian seawater ranged from 
0.7068 to 0.7073, this is the lowest the 87Sr/86Sr composition of seawater ever was 
during the Phanerozoic (Veizer, 1989). These values are not low enough however to 
account for the 87Sr/86Sr ratios of the current study. δ87Sr is a convenient way of 
comparing 87Sr/86Sr values and was calculated using the following equation (Bullen et 
al., 1996; Peterman and Wallin, 1999): 
δ87Sr = [((87Sr/86Sr)sa/(87Sr/86Sr)std)  1]*1000 
The subscripts sa and std refer to sample and standard respectively. The standard used 
was NBS987 (87Sr/86Sr = 0.710233). 
 
Figure 5.62 shows that the 87Sr/86Sr increases with distance along the tunnel towards the 
Hydra dyke at 2844 m. Some of the highest values are from KH26CT and G106/3CT, 
which are very distant from the Hydra dyke.  
 
The multiple samples from the Hunter Tunnel were examined for temporal variations in 
87Sr/86Sr. The samples from 1550 m have considerable variations in 87Sr/86Sr values, 
particularly the last sample AG76. The major and trace elements in section 5.3.1.3 do 
not show the same trend. The 87Sr/86Sr ratios in the samples from 1425 m oscillate 
between the sampling periods, and are different to the trend in major and trace elements 
in section 5.3.1.3. The samples from 22MH show considerable variation, particularly 
the first sample, AG110 as was found in section 5.3.1.3 for the major and trace 
elements. The samples from 3050 m show considerable variation in 87Sr/86Sr 
composition, the most variation is in AG89, which is different to the trend in major and 
trace elements in section 5.3.1.3. 
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Table 5.25. Strontium isotope composition of each sample in decimal form and δ87Sr form. Reduced 
level in metres above sea level is given; shallow samples (RL > 22 m) are shaded grey. 
 
Sample 87Sr/86Sr δ87Sr RL (masl) 
AG102 0.704984 -7.4 133 
AG104 0.706086 -5.8 247 
AG114 0.706050 -5.9 247 
AG126 0.705103 -7.2 244 
AG101 0.705746 -6.3 0 
AG95 0.705780 -6.3 20 
AG123 0.705795 -6.2 70 
AG88 0.705820 -6.2 145 
AG100 0.705664 -6.4 228 
AG112 0.705707 -6.4 -93 
AG96 0.705764 -6.3 -93 
AG124 0.706002 -6.0 -94 
AG94 0.705186 -7.1 15 
AG86 0.705186 -7.1 15 
AG90 0.705205 -7.1 15 
AG76 0.705211 -7.1 15 
AG111 0.705128 -7.2 37 
AG105 0.705119 -7.2 112 
AG122 0.705174 -7.1 32 
AG92 0.705376 -6.8 -34 
AG120 0.705475 -6.7 20 
AG98 0.705167 -7.1 20 
AG84 0.705155 -7.1 20 
AG103 0.705166 -7.1 20 
AG73 0.705153 -7.2 20 
AG78 0.705169 -7.1 20 
AG91 0.705669 -6.4 150 
AG97 0.705986 -6.0 187 
AG99 0.705087 -7.2 227 
AG106 0.705171 -7.1 247 
AG93 0.705157 -7.1 247 
AG110 0.705119 -7.2 90 
AG80 0.705095 -7.2 90 
AG115 0.705099 -7.2 90 
AG79 0.705099 -7.2 90 
AG77 0.705104 -7.2 90 
AG125 0.705426 -6.8 22 
AG85 0.705177 -7.1 20 
AG113 0.705189 -7.1 20 
AG89 0.705495 -6.7 22 
AG119 0.705478 -6.7 22 
AG81 0.705484 -6.7 22 
AG82 0.705485 -6.7 22 
AG107 0.705248 -7.0 182 
AG109 0.705758 -6.3 190 
AG108 0.705137 -7.2 162 
AG118 0.705180 -7.1 165 
AG75 0.705134 -7.2 162 
AG121 0.705266 -7.0 190 
AG83 0.706647 -5.0  
AG74 0.706483 -5.3  
AG87 0.705698 -6.4  
AG116 0.705037 -7.3  
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Table 5.26. The 87Sr/86Sr values of groundwater reported by other authors. The location of each 
study is listed. Notes on factors such as the lithology and type of groundwater are also given. 
 
Author Location 87Sr/86Sr Notes 
Frape et al. (1984) Canadian Shield 0.710 to 0.738 Crystalline rocks 
McNutt et al. (1987) Ontario, Canada 0.711 to 0.720 Mafic pluton 
Collerson et al. (1988) SW Queensland 0.70446 to 0.70535 Shale & greywacke 
Banner et al. (1989) Missouri, USA 0.71551 to 0.71607 Sandstone & CO3 
Bullen et al. (1996) Wisconsin, USA 0.70741 to 0.71213 Sand 
  0.70776 to 0.71976 Glacial sed. 
Yang et al. (1996) Northern USA 0.70927 to 0.71112 CO3, evaporite, silicate 
Armstrong et al. (1998) Alberta, Canada 0.70691 to 0.70823 Shale & sandstone 
Peterman and Wallin (1999) Southern Sweden 0.70939 Baltic seawater 
  0.71598 to 0.71629 Shallow groundwater 
  up to 0.71905 Saline groundwater 
Böhlke and Horan (2000) Maryland, USA 0.71300 to 0.71520 Arkosic sand & gravel 
  0.70842 to 0.71031 Glauconitic silt & sand 
  0.71284 to 0.71302 Stream (agricultural) 
  0.71164 to 0.71182 Stream (NO3 depleted) 
Grobe et al. (2000) Münsterland Basin, Germany 0.7083 to 0.7136 Clastic sed. rocks 
Négrel et al. (2000) Massif Central, France 0.7134 to 0.7187 Granite 
Pennisi et al. (2000) Sicily, Italy 0.70355 to 0.70879 Volcanic & sed. rock 
Rostron and Holmden (2000) Williston Basin, Canada 0.70866 to 0.71520 Petroleum wells 
Siegel et al. (2000) New York, USA 0.7088 to 0.7137 Schist, serpentinite, landfill 
Kloppmann et al. (2001) North Germany 0.70910 to 0.71030 Brackish water 
  0.70758 to 0.70788 Brine, evaporite 
Martel et al. (2001) Nova Scotia, Canada 0.7101 to 0.7114 Sandstone in coal mine 
  0.7078 Salt spring 
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Figure 5.62. Variation in 87Sr/86Sr with distance along the Hunter Tunnel. The relationship is linear, 
with a very strong correlation (r2 = 0.92). The 87Sr/86Sr values increase approaching the Hydra dyke 
(2844 m). 
 
 242
Some authors state that 87Sr/86Sr generally decreases with depth (Bullen et al., 1996) 
while other authors state that 87Sr/86Sr generally increases with depth (Peterman and 
Wallin, 1999; Grobe et al., 2000). Neither trend was observed in the combined data set 
of the current study (Figure 5.63). A decrease in 87Sr/86Sr with depth is evident on a 
very local scale, however, in the four samples from RDH473, as shown in Figure 5.64. 
 
Only four elements in the combined data set (Mg, S, Ca and Mn) correlate significantly 
to 87Sr/86Sr (r = 0.48, 0.43, 0.45 and 0.55 respectively). The highest concentration of 
both S and Ca also corresponds with the highest 87Sr/86Sr value (sample AG83). The 
chemistry of the sample AG83 is very different to most other samples, as was discussed 
in previous sections. Several authors have also found a link between 87Sr/86Sr and [Ca] 
in groundwater (for example, Bullen et al., 1996; Yang et al., 1996; Peterman and 
Wallin, 1999). This indicates that the samples with high 87Sr/86Sr have high Mg, S and 
Ca, suggesting that the source of Sr could be the same as the Mg, S and Ca source. In 
this case, the marine Mg/Ca-SO4 in the first end member is the most likely source. 
Several published studies on groundwater have noted links between 87Sr/86Sr and Sr 
content (Martel et al. 2001), the reciprocal of Sr concentration (Peterman and Wallin, 
1999), and Cl content (Grobe et al., 2000), but none of these links are apparent in the 
data from the current study (see for example Figure 5.65).  
 
Gasparon and Collerson (2000) attribute the low 87Sr/86Sr values in their groundwater 
(0.70446 to 0.70535) to interaction with Cenozoic volcanics (0.7030 to 0.7048) in the 
recharge area. Groundwaters with low 87Sr/86Sr values from interaction with mafic rocks 
are also reported by McNutt et al. (1987) (0.705 to 0.714) and Pennisi et al. (2000) 
(0.70355 to 0.70411). The low 87Sr/86Sr values in the current study must be due to 
interaction with igneous intrusions with low 87Sr/86Sr values. The observation that the 
87Sr/86Sr values in the groundwater do not show much variation laterally or vertically 
indicates that the igneous influence is all-pervasive in the study area. 
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Figure 5.63. Variation in 87Sr/86Sr with RL (masl). There is no clear relationship between the two 
variables (r2 = 0.00). 
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Figure 5.64. Variation in 87Sr/86Sr with RL (masl) in RDH473. There is a clear relationship between 
the two variables in this case (r2 = 0.88). 
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Figure 5.65. Variation in 87Sr/86Sr with the reciprocal of Sr concentration. There is no clear 
relationship between the two variables. 
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5.4 CONCLUSIONS 
 
Fewer variables and sources of elements affect the groundwater composition in the deep 
aquifers than the shallow aquifers. Both the shallow and deep aquifers have three major 
influences, although neither the identity nor the dominance of each is the same in each 
aquifer. The first end member that influences the composition of the shallow aquifers 
results from the dissolution of marine halite, sulphates and carbonates that precipitated 
in the sediments from trapped Late Permian connate brine and mixing with meteoric 
water. The second end member results from potassic alteration of K-rich feldspars and 
clays and the third influence on this aquifer is Fe-carbonates. The deep aquifers are 
dominated by the water containing the products of potassic alteration of feldspars and 
clays, while the marine influence is secondary. The third influence on this water is the 
Na-HCO3-type water that interacted with dawsonite. 
 
The groundwater analysed in the current study has a definite marine influence, and this 
influence is greater for the shallow groundwater. The Cl/Br ratio suggests that the 
chemical signature is derived from dissolution of marine evaporites rather than 
reflecting input from trapped connate brine. 
 
The groundwater from near the Hydra dyke in the Hunter Tunnel has a different 
composition to the other groundwaters, indicating that an igneous influence can be 
detected near this intrusion. Rare earth elements are attached to clay minerals and Fe-
oxyhydroxides in the clay-rich groundwater samples. The groundwater of the current 
study shows temporal variations on the annual and sub-annual timescale. 
 
Some differences are evident in the groundwater composition with depth at Dartbrook. 
The two main end members affecting the groundwater composition have varying 
amounts of influence on the groundwater composition with depth, indicating that the 
aquifers are semi-confined. 
 
The δ34S values for the current study range from 0.3 to +63.8 (average = +22.8). 
The range is extraordinarily large for samples from the one study area, especially when 
compared to the findings of other authors. The δ34S results increase with depth and 
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show some temporal variations. The δ34S values vary greatly spatially and indicate an 
igneous influence. Rainfall is contributing sulphur to the shallow aquifers. Permian 
seawater and Permian marine evaporitic sulphates also contribute to the sulphur 
signature. The S in samples with low δ34S values is dominated by sulphide minerals, 
such as pyrite, and H2S. The S in samples with high δ34S values is either dominated by 
non-marine sulphate minerals with heavy S or the S has high values because sulphate 
was reduced by bacteria under open conditions (i.e. the peat swamp) and isotopically 
light sulphide was lost from the system, thus enriching the remaining sulphur. 
  
There is very little variation in the 87Sr/86Sr values and the values are all remarkably 
unradiogenic. The 87Sr/86Sr ratio increases towards igneous intrusions. Some temporal 
variations in 87Sr/86Sr were observed as were some variations with depth. 87Sr/86Sr 
correlates significantly with Mg, S, Ca and Mn, indicating that the source of Sr could be 
the same as the Mg, S and Ca source, in this case the marine Mg/Ca-SO4. The fact that 
the 87Sr/86Sr values in the groundwater do not show much variation spatially or with 
depth indicates that the igneous influence is all-pervasive in the study area.  
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CHAPTER SIX – SUMMARY AND CONCLUSIONS 
 
6.1 SUMMARY 
 
The chief aim of this thesis was to evaluate the impact of igneous intrusions on the coal, 
cleat minerals and groundwater at Dartbrook Coal mine. Through the course of this 
thesis, the aim has been successfully achieved. The following section summarises the 
main findings with respect to the chief aim. 
 
The vitrinite reflectance, mineralogy, and geochemistry of the coal seams intruded by 
dykes change dramatically approaching the intrusions, as outlined below. 
1) Proximal to the igneous intrusions, the coal changes through four alteration 
zones, comprising:  
a) normal coal (Ro max = 0.8 with primary minerals);  
b) slightly thermally altered coal (Ro max = 1.8, primary minerals 
present as well as secondary minerals, altered geochemistry, but no 
change in texture); 
c) brecciated coke (Ro max = 2.5 to 5.0, brecciated texture yet some 
resemblance to coal, large amount of secondary carbonate 
mineralisation but no primary minerals, accumulation of many 
elements, particularly carbonate elements, e.g. Ca, Mg, Mn, and Fe); 
and 
d) natural coke (Ro max = 7.0, highly vesicular, no resemblance to coal, 
minor mineralisation, depletion of some elements, particularly 
organic elements, e.g. Cl and Br, and accumulation of other 
elements). 
2) The mineral indicators of thermal alteration are ankerite and siderite. 
3) Carbonates, particularly dawsonite dominate the mineralogy of the unaltered 
coal, altered coal and dyke. 
4) The majority of elements are enriched at the coal/intrusion contact. 
5) Elements exhibit affinities for minerals and display trends of accumulation 
and depletion approaching the contact depending on those affinities. 
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In conclusion, the igneous intrusions have altered every facet of the coal, from the 
vitrinite reflectance, to the mineralogy and the geochemistry. The degree of alteration 
varies depending on the distance from the intrusion. The current study provides an in-
depth investigation of the thermal alteration of coal by two separate dykes. The changes 
to vitrinite reflectance, coal textures, mineralogy, and geochemistry caused by thermal 
alteration were combined in the current study, whereas many previous studies did not 
investigate all of these factors. 
 
The investigation of the cleat mineralisation in the coal at Dartbrook indicates the 
following influences from igneous intrusions: 
1) the dominant cleat carbonate is dawsonite and the carbon in the dawsonite 
has a magmatic source;  
2) the broad range of δ18O values (+13.6 to +19.8) may be due to the effect 
of local intrusions, either directly on the dawsonite or indirectly through the 
host coal; 
3) the calcite samples from Dartbrook have a wide range of δ13C values (-13.5 
to +1.0), indicating that fractionation between organic carbon and 
thermally altered carbon has occurred; and 
4) ankerite formation post-dated the intrusion and subsequent isotopic exchange 
has not occurred. 
 
The majority of studies into cleat mineralisation in the BGS Basin system report that 
calcite is the dominant carbonate. The dominant carbonate at Dartbrook, however, is 
dawsonite with a magmatic carbon source, reflecting the major influence that igneous 
intrusions have had on the development of cleat carbonates. 
 
The investigation of the impact of igneous intrusions on the groundwater composition at 
Dartbrook identified the following: 
1) although the intrusions are basaltic in composition, a mafic influence on the 
groundwater was not detected because the dykes are highly altered, but the 
products of potassic alteration of K-rich feldspars (weathering products from 
the dykes7) indicate the presence of the Hydra dyke; and 
                                                 
7 Many basaltic rocks (particularly in the Sydney Basin) contain K-feldspar (Carr, pers. comm. 2003).  
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2) very little variation occurs in the 87Sr/86Sr values in the groundwater, 
indicating that the igneous influence is all-pervasive in the study area. 
Igneous intrusions have noticeably affected the composition of the groundwater at 
Dartbrook. The groundwater is enriched in the products of potassic alteration of K-rich 
feldspars. This study is unique because studies into the impact of igneous intrusions on 
groundwater are extremely rare and because it utilises both the δ34S and 87Sr/86Sr 
composition of the groundwater.  
 
The first minor aim of the thesis was to identify the extent of thermal alteration halos in 
the coal. The alteration halos around both dykes have been divided into four alteration 
zones and other significant findings concerning thermal alteration are summarised 
below:  
1) the alteration halo around the Hydra dyke (~56 m) is much larger than 
around the Roman Road dyke (~9.5 m) despite the similarities between the 
coal and the dykes, indicating that the area around the Hydra dyke has 
undergone far greater hydrothermal alteration; 
2) contrary to claims in the literature, the size of the alteration halo is not a 
multiple of the size of the intrusion; 
3) geochemical data are better for defining the size of the alteration halo than 
mineralogical data; and 
4) thermal alteration by the fingers of the Roman Road dyke was not uniform; 
the first dyke finger caused the most alteration by far because it acted as a 
conduit for subsequent intrusions of magma and hydrothermal fluids. 
 
Studies of thermally altered coal commonly report the extent of the alteration halo and 
the zones within the halo. Most other researchers, however, do not investigate the 
thermal alteration between fingers of the dyke. The discovery that the maximum 
alteration occurs between the dyke fingers and not on the outer margin of the dyke is 
very important and marks a critical insight into the field of thermally altered coal. 
 
Using geochemical and mineralogical data, only three zones could be identified  
unaltered, altered, and coked coal. A fourth alteration zone, that of brecciated coke, was 
only detected using vitrinite reflectance and textures. The majority of studies do not 
utilise all of the tools (vitrinite reflectance, textures, mineralogy, and geochemistry) 
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used in the current study, but the findings presented in this thesis indicate that a 
complete picture cannot be gained without combining them all. 
 
The second minor aim of this thesis was to identify the dominant cleat carbonate and 
determine its source. The following findings were made: 
1) the dominant cleat carbonate is dawsonite, indicating an environment of 
formation rich in Na, Al and CO3/HCO3; 
2) the narrow range of δ13C values (-1.7 to +2.4) and the occurrence of major 
igneous activity at Dartbrook indicates that the carbon in the dawsonite has a 
magmatic source; 
3) the broad range of δ18O values reflects either a high level of fluid-rock 
interaction, whereby the fluids precipitating the dawsonite interacted with 
external fluids, or the direct or indirect impact of local intrusions; 
4) the dawsonite formed at a late stage by the interaction of Na2CO3- or 
NaHCO3-rich solutions with hydroaluminosilicates. 
 
The isotopic composition of dawsonite is under-studied in Australia; only one other 
study has been published. In the current study, the analysis of the δ18O and δ13C 
composition of dawsonite at Dartbrook was successfully used to determine its source.  
 
The third minor aim was to identify the end members contributing to the groundwater 
composition. This was achieved by performing multivariate statistical analyses on the 
groundwater chemistry. The results indicate that: 
1) the aquifers at Dartbrook are semi-confined and some differences are evident 
between the shallow and deep aquifers; 
2) fewer variables and sources of elements affect the groundwater composition 
in the deep aquifers than the shallow aquifers; 
3) in the shallow aquifers: 
(a) the first end member results from the dissolution of marine halite, 
sulphates, and carbonates that precipitated in the sediments from 
trapped Late Permian connate brine and mixing with meteoric water; 
(b) the second end member results from potassic alteration of K-rich 
feldspars and clays; and  
(c) the third influence on this aquifer is Fe-carbonates; 
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4) in the deep aquifers: 
(a) the first end member results from potassic alteration of K-rich 
feldspars and clays; 
(b) the second results from the Late Permian marine salts; and 
(c) the third influence on this water is an Na-HCO3-type water that 
interacted with dawsonite; 
5) both the shallow and deep aquifers have three major influences, although 
neither the identity nor the dominance of each is the same in each aquifer. 
The identity of the end members controlling groundwater composition is commonly 
studied worldwide but this is the first such study in the Upper Hunter region to utilise 
major and minor element geochemistry, δ34S, and 87Sr/86Sr composition in conjunction 
with multivariate statistics.  
 
The final minor aim of this research project was to determine if igneous intrusions could 
be detected using groundwater composition. The possibility was thoroughly 
investigated using all available data. A localised signal was detected around the Hydra 
dyke indicating the presence of the intrusion. An all-pervasive igneous influence was 
also detected throughout the study site. The localised igneous signal was not very strong 
due to the regional igneous influence but it was detected nevertheless using the 
concentrations of Na, Mg, Ca, K, S, and Br. The intrusions are now so highly altered 
that the products of alteration were detected in the groundwater rather than a mafic 
influence. These findings have a potential application for the coal-mining industry, as 
companies can collect groundwater from drill-holes during exploration and use the 
groundwater composition to detect if any igneous intrusions are nearby. The igneous 
influence in the current study was detected using the major ions Na, Mg, Ca, K, S, and 
Br, therefore exploration companies would only need to perform routine analyses for 
major ions to detect the intrusions. Although it would not be necessary to analyse trace 
elements, Rb, Cs, and Sr were found to be very useful indicators of igneous intrusions. 
The simplicity of the chemical analyses combined with the ease and low cost of 
sampling groundwater from exploration drill-holes, makes this an inexpensive yet 
extremely useful technique for detecting igneous intrusions before commencing mining. 
The chances of actually intersecting an intrusion during drilling are very slim, whereas 
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this simple and inexpensive technique should detect major intrusions. The advantage to 
early-detection of intrusions is that they can be avoided during mining and a better 
estimate of the size of the recoverable coal reserves can be made. 
 
6.2 COMPARISONS 
 
The thermal alteration of coal by igneous intrusions has been widely studied. The 
majority of the findings from the current study agree with those in the literature, namely 
the nature of alteration zones, behaviour of vitrinite reflectance and geochemical 
affinities. A unique aspect of the current study is the investigation of the behaviour of 
the coal between fingers of two dykes. Other studies on thermal alteration of coal only 
report the behaviour of the coal approaching the dyke. The current study demonstrates 
that the greatest thermal alteration occurs between the fingers, not in the coal 
approaching the exterior of the dyke.  
 
Although the δ18O and δ13C composition of carbonates has also been widely studied, 
only a handful of studies report the composition of dawsonite. The majority of the 
literature on the carbonate mineralisation of BGS Basin system coals indicates that 
calcite dominates the mineralogy. Conversely, the current study found that dawsonite 
dominates the butt cleats. The conclusion that the dawsonite carbon source is magmatic 
is strongly supported by the evidence presented in the current thesis and the literature.  
 
The majority of groundwater studies are designed to trace a pollution plume, detect an 
ore body, or investigate seawater incursions in coastal areas. The groundwater 
investigation in the current study is unique because it uses groundwater composition to 
determine if igneous intrusions can be detected at Dartbrook and this was successfully 
resolved.  
 
6.3 LIMITATIONS 
 
The investigation into the coal composition would have been assisted by the use of 
Electron Microprobe to determine the chemical composition of the macerals and how 
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this changed with respect to the intrusion. The underground sampling was not as 
extensive as was desired, due to the difficulty of sampling in an active coal mine. 
 
The groundwater study was limited by a lack of spatial and temporal sampling 
opportunities. To further test the aim of detecting igneous intrusions, a wider spatial 
distribution of samples is required than that achieved in the current study. 
 
6.4 FUTURE RESEARCH/RECOMMENDATIONS 
 
The groundwater data should be evaluated via computer software such as Phreeq to 
determine with greater certainty the minerals that contribute to the groundwater 
composition. Determination of the δ18O and δ13C composition of the groundwater 
would enable a comparison with the dawsonite composition. A similarity in δ18O 
compositions would indicate modern exchange between the groundwater and dawsonite. 
 
Some additional recommended work includes: 
• further groundwater samples should be collected each time drilling takes place 
to extend the spatial extent of the study and enhance the detection of igneous 
intrusions; 
• Electron Microprobe work should be undertaken on the coal samples to 
determine how the chemical composition of the macerals changes approaching 
the igneous intrusions; and 
• the chemical composition of the cleat carbonates should be analysed to 
determine whether variations due to thermal alteration are evident. 
 
6.5 CONCLUSIONS 
 
The alteration of coal approaching igneous intrusions increases towards the contact and 
four zones of alteration exist. The vitrinite reflectance, texture, mineralogy and 
geochemistry of the coal changes approaching the contact but the greatest variation 
occurs between the fingers of the dyke. 
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The dawsonite formed by the attack of Na2CO3- or NaHCO3-rich solutions on 
hydroaluminosilicates. The mechanism of formation involved two steps: (i) the 
precipitation of kaolinite along the face and butt cleats; then (ii) another fluid, enriched 
in Na2CO3 or NaHCO3 flowed through the coal, favouring the butt cleats and replacing 
the kaolinite. The source of the CO2 required for the fluids was magmatic. 
 
The aquifers at Dartbrook are semi-confined and the composition of the groundwater is 
controlled by the dissolution of marine halite, sulphates and carbonates, the products of 
potassic alteration of K-rich feldspars and clays, the dissolution of Fe-carbonates, and 
interaction with dawsonite. The groundwater has a regional igneous influence but a 
localised signal exists around the Hydra dyke. Groundwater composition can be used to 
detect igneous intrusions. 
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APPENDIX A 
 
A.1 METHODS 
 
A.1.1 SAMPLE PREPARATION 
 
Some of the dyke material was so highly altered and wet that it was dried in the oven 
before crushing. These samples were placed in the oven at 60°C for 24 hours then 
treated by the following method along with the rest of the samples: 
 
(i) each sample was broken with a geological hammer; 
(ii) rock fragments were crushed in a tungsten carbide (W2C) crushing mill; 
(iii) the crushed sample was weighed; 
(iv) the crushing mill was cleaned between each sample by: 
a) physical scraping with a spatula; 
b) adding quartz sand and crushing for 10 seconds; 
c) washing with hot water and drying thoroughly. 
(v) each sample was divided into two clean plastic vials for analysis by XRD, 
INAA and XRF. 
 
A.1.2 ANALYSIS 
 
A.1.2.1 Petrography 
The thin sections were viewed using a binocular microscope, transmitted light, 4x lens 
(and 10x) and polarised/unpolarised light. 
 
A.1.2.2 XRD 
Five grams of each crushed rock sample were used for XRD analysis. Each sample was 
analysed using the method outlined by Carr et al. (1999). 
 
A spectrum was produced for each sample. The peaks in the spectrum were manually 
chosen in Traces v.4 and the edited spectrum was imported into µPDSM (micron 
Powder Diffraction Search Match, Fein Marquart Associates, Baltimore). A list of 
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possible minerals was obtained and the most probable minerals based on the positioning 
of the peaks and previous findings were chosen. The detection limit of the analytical 
technique is ~5%. 
 
A.1.2.3 INAA 
Two grams of each crushed rock sample was taken to the Australian Nuclear Science 
and Technology Organisation (ANSTO) research facility at Lucas Heights for analysis 
by INAA. A total of 50 elements were analysed by INAA. Each element produces 
different radionuclides during irradiation. The radionuclides have different relative 
abundances and half-lives and the most abundant radionuclide is used. For example for 
Ba, the half-life of 131Ba is 11.5 days, with an abundance of 41.3% and the half-life of 
139Ba is 1.38 hours with an abundance of 22.6%. This discrepancy in the half-lives 
requires the use of short irradiation/decay and long irradiation/decay techniques to gain 
the best result for each element. For short half-life radionuclides, each sample is 
irradiated then detected after 20 seconds and 24 hours. For long half-life radionuclides, 
each sample is irradiated then detected after seven days and 28 days. In the case of Ba, 
the most abundant radionuclide (131Ba) is detected after seven days to determine the Ba 
concentration. The processes used to analyse the samples by these two techniques are 
different and are discussed in the following sections. 
 
The samples were separated into groups of three depending on the rock type (either 
coal, mixed, dyke or tuff), each group contains as similar samples as possible. For the 
purposes of testing the activity of the rock samples before irradiation, four trial samples 
were randomly chosen, one from each rock type. These trial samples were analysed by 
the short and long decay techniques before analysing the others, to experimentally 
determine the necessary parameters (duration of irradiation, distance from detector etc.) 
required for each rock type. 
 
The reactor at Lucas Heights is a small (10 MW), high-flux reactor. The detector used is 
an intrinsic germanium detector, which consists of a crystal of pure germanium in an 
atmosphere of pure nitrogen. The gamma-rays from the sample hit the crystal, which 
creates a pulse, this is converted to a digital signal and sorted according to the energy 
level by a computer to produce a spectrum of counts versus energy.  
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A.1.2.3.1 Short Decay 
In the short decay process, a small mass of each sample is irradiated for a short period 
of time and detected after 20 seconds and 24 hours. In this method, one standard is 
analysed for every six samples: 
(i) about 0.5 g of each sample was weighed into a small polythene vial and 
packed into a plastic capsule with cellophane; 
(ii) the capsule was irradiated for an experimentally determined period of time 
so that an optimum amount of radiation would be given off by the sample. 
The coal samples were irradiated for 30 seconds and the dyke samples for 10 
seconds; 
(iii) the vial was allowed to decay for 20 minutes; 
(iv) the vial was placed on a shelf at an experimentally determined height above 
the detector for optimum detection and the radiation given off by the sample 
was detected for 10 minutes; 
(v) the sample was taken out of the detector and placed in a lead box to decay 
for another 23 ½ hours then it was detected for 60 minutes. 
 
A.1.2.3.2 Long Decay 
In the long decay process, the same samples that have already been analysed by short-
radiation are irradiated for a longer period of time and detected after seven days and 28 
days. In this method, one standard is analysed for every three samples: 
(i) the vials that had already been analysed by short-radiation were placed in a 
titanium can and packed down with Al foil. Each can contained three 
samples and one standard; 
(ii) the cans were irradiated for 16 hours; 
(iii) the vials were allowed to decay for 7 days; 
(iv) each vial was placed on a shelf at an experimentally determined height above 
the detector and the radiation given off by the sample was detected for 60 
minutes; 
(v) the sample was allowed to decay for another 21 days then it was detected for 
120 minutes. 
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A.1.2.3.3 Data Manipulation 
The standards used for the coal are NBS 1635 and NBS 1632a (bituminous coal), the 
standard used for the dyke material is NBS 1633a (fly-ash). These standards contain the 
required elements at suitable concentrations for use with the samples from this study. 
The elemental concentrations of the samples were determined relative to these standards 
using computer software. 
 
Two International Atomic Energy Agency (IAEA) Certified Reference Materials 
(CRM) were analysed with the rock samples to test the precision and accuracy of the 
calibration. These are SL-1 (lake sediment material) and Soil-5 (soil). The 
experimentally determined concentrations were compared to certified levels. Table A.1 
contains the certified concentration and error margin for each element for the two 
CRMs, as published by the IAEA. The table also contains the experimentally 
determined levels of each element, as determined by INAA in this study. Some 
elements such as Br, Cs, Dy, and Yb have very good agreement, the experimental value 
lies within the bounds of the certified value. Conversely, some elements have poor 
agreement, such as Sc, Cr, Fe, and Zn. Some elements are higher in both the 
experimental sets (e.g. Cr, Zn, La, Ce), others are lower (e.g. Ba), and these consistent 
differences indicate a calibration error. Some elements however are higher in one set 
and lower in the other (e.g. Rb, Sb, Tb) and the cause of this difference is less obvious. 
Some elements such as, Mg, Si, P, and S could not be analysed reliably by INAA. 
Therefore, in order to obtain a more complete data set the rock chemistry was also 
determined by XRF. Once the results from the two techniques were combined, the 
INAA results were only used for the most reliable elements. 
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Table A.1. Comparison of certified values with the measured values determined by INAA of major 
and trace elements for two IAEA certified reference materials (Soil-5 and SL-1). All concentrations 
are in ppm. Blank cells indicate the reference material does not have a certified value for that element. 
Each value has an associated uncertainty that shows the confidence limits of the mean for a significance 
level of α = 0.05. 
 
 Soil-5  SL-1  
Element Certified Measured Certified Measured 
Na 19200 ± 1100 25000 ± 2000 1720 ± 120 2000 ± 100 
Al 81900 ± 2800 92000 ± 3000   
K 18600 ± 1500 25000 ± 1000   
Sc 14.8 ± 0.7 23 ± 2 17.3 ± 1.1 26 ± 2 
Ti   5170 ± 360 8100 ± 4100 
V   170 ± 15 210 ± 20 
Cr 28.9 ± 2.8 42 ± 7 104 ± 9 160 ± 20 
Mn 852 ± 37 1100 ± 100 3460 ± 170 4200 ± 300 
Fe   67400 ± 2000 95000 ± 2000 
Co 14.8 ± 0.8 19 ± 2 19.8 ± 1.6 25 ± 2 
Zn 368 ± 8 750 ± 180 223 ± 12 460 ± 110 
Ga 18.4 ± 1.6 23 ± 9   
As 93.9 ± 7.5 110 ± 50 27.5 ± 3 35 ± 15 
Br 5.4 ± 1 6.2 ± 2.1 6.8 ± 1.7 10 ± 3 
Rb 138 ± 7 95 ± 8 113 ± 11 120 ± 10 
Sb 14.3 ± 2.2 19 ± 3 6.9 ± 0.6 1.9 ± 0.4 
Cs   7 ± 0.9 7.7 ± 0.8 
Ba 562 ± 53 440 ± 100 639 ± 51 530 ± 100 
La 28.1 ± 1.5 45 ± 5 52.6 ± 3.2 75 ± 8 
Ce 59.7 ± 3 85 ± 13 117 ± 18 150 ± 20 
Nd 29.9 ± 1.6 44 ± 11 43.8 ± 2.6 53 ± 11 
Sm 5.42 ± 0.39 8 ± 1.1 9.25 ± 0.55 13 ± 2 
Eu 1.1 ± 0.08 1.5 ± 0.1 1.1 ± 0.08 2.3 ± 0.1 
Tb 0.67 ± 0.08 0.53 ± 0.16 0.67 ± 0.08 0.89 ± 0.21 
Dy 4 ± 1 3.2 ± 0.6 4 ± 1 5.6 ± 1.2 
Yb 2.24 ± 0.2 2.6 ± 0.3 3.42 ± 0.65 3.9 ± 0.5 
Lu 0.34 ± 0.04 0.43 ± 0.04   
Hf 6.3 ± 0.3 8.3 ± 1.1 4.2 ± 0.6 5.7 ± 0.8 
Ta 0.76 ± 0.06 0.36 ± 0.07   
Th   14 ± 1 20 ± 2 
U 3.15 ± 0.45 4.3 ± 2.4 4.02 ± 0.32 4.8 ± 2.8 
 
A.1.2.4 XRF 
Six grams of each crushed rock sample was taken to Macquarie University for analysis 
by XRF. A total of 49 elements were determined by XRF, 27 of these elements overlap 
with those analysed by INAA, the other 22 elements were determined solely by XRF. 
Once combined with the INAA data a complete set of 57 elements was compiled for 
each sample. The X-rays are emitted from the source and hit a filament/sheet that 
focuses the X-rays into a beam that hits the sample at an angle of 90°. There are five 
filaments/sheets that produce X-rays at different wavelengths. Each filament is made of 
a different material that changes the wavelength of the X-rays. Each sheet allows the 
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determination of a different suite of elements. Organic and inorganic rock samples 
require different preparation for analysis by XRF, these processes are outlined in the 
following section. In each case, the sample was pressed into a pellet and analysed by 
XRF. 
 
A.1.2.4.1 Organic Sample Preparation 
The 39 organic rich crushed samples were pressed into pellets for analysis by XRF 
using the following method: 
(i) 5 g of each sample was weighed; 
(ii) 1.2 g of a powdered wax was added and mixed thoroughly. The weight of 
the sample and wax was recorded to allow the determination of the dilution 
factor by the wax; 
(iii) the mixture was placed in a small Al cup and pressed in a die to form a thin 
pellet with Al base and sides. The wax was used to bind the sample material 
together. 
 
A.1.2.4.2 Inorganic Sample Preparation 
Two fractions of the 25 inorganic samples were analysed, one for major elements, the 
other for minor elements. The different methods are outlined below. 
 
Major Elements 
(i) Approximately 0.4 g of each sample was weighed; 
(ii) a small amount of LiBO4 was added and mixed thoroughly; 
(iii) the mixture was melted at 1000°C then poured into a metal disc at 550°C 
and pressed into a glass pellet. 
 
Minor Elements 
(i) 5.5 ± 0.2 g of each sample was weighed; 
(ii) approximately 15 drops of polyvinyl-acetate (PVA) was added and mixed 
thoroughly; 
(iii) the mixture was placed in a small Al cup and pressed in a die to form a thin 
pellet with Al base and sides. The PVA was used to bind the sample material 
together. 
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Table A.2. The technique used, either XRF or INAA, to analyse each element in the coal and rock 
samples. Some elements were analysed by both techniques and a choice was made to either one value 
and not the other or use an average of the two, the reason for the choice is given. 
 
Element Technique Reason 
Na INAA Large difference with XRF, analysis of SRM showed that INAA is reliable for Na 
Mg XRF Not reliable by INAA 
Al Average The values from INAA and XRF are similar 
Si XRF Not analysed by INAA 
P XRF Not analysed by INAA 
S XRF Not analysed by INAA 
Cl XRF Lower DL than INAA 
K Average The values from INAA and XRF are similar 
Ca XRF Not analysed by INAA 
Sc INAA Not analysed by XRF 
Ti Average The values from INAA and XRF are similar 
V INAA Different to XRF, analysis of SRM showed that INAA is reliable for V 
Cr Average The values from INAA and XRF are similar 
Mn XRF Not analysed by INAA 
Fe Average The values from INAA and XRF are similar 
Co Average The values from INAA and XRF are similar 
Ni XRF Not analysed by INAA 
Cu XRF Not analysed by INAA 
Zn Average The values from INAA and XRF are similar 
Ga Average The values from INAA and XRF are similar 
Ge XRF Not analysed by INAA 
As Average The values from INAA and XRF are similar 
Se Average The values from INAA and XRF are similar 
Br Average The values from INAA and XRF are similar 
Rb XRF Lower DL than INAA 
Sr Average The values from INAA and XRF are similar 
Y XRF Not analysed by INAA 
Zr Average The values from INAA and XRF are similar 
Nb XRF Not analysed by INAA 
Mo XRF Not analysed by INAA 
Cd XRF Different to INAA, seems more reliable 
In INAA Different to XRF, analysis of SRM showed that INAA is reliable for In 
Sn XRF Not analysed by INAA 
Sb INAA Different to XRF, analysis of SRM showed that INAA is reliable for Sb 
Te XRF Not analysed by INAA 
I XRF Lower DL than INAA 
Cs Average The values from INAA and XRF are similar 
Ba Average The values from INAA and XRF are similar 
La Average The values from INAA and XRF are similar 
Ce Average The values from INAA and XRF are similar 
Nd INAA Different to XRF, analysis of SRM showed INAA as reliable for Sb 
Sm INAA Not analysed by XRF 
Eu INAA Not analysed by XRF 
Tb INAA Not analysed by XRF 
Dy INAA Not analysed by XRF 
Yb INAA Not analysed by XRF 
Lu INAA Not analysed by XRF 
Hf Average The values from INAA and XRF are similar 
Ta Average The values from INAA and XRF are similar 
W XRF Lower DL than INAA 
Au INAA Not analysed by XRF 
Hg INAA Lower DL than XRF 
Tl XRF Not analysed by INAA 
Pb XRF Not analysed by INAA 
Bi XRF Not analysed by INAA 
Th Average The values from INAA and XRF are similar 
U Average The values from INAA and XRF are similar 
Table A.3. Chemistry of the drill core samples. B lank  ce lls in d ica te  va lues below  th e  de tec tio n  lim it.
D y k e  sam p les are  sh ad ed  grey.
AG41 AG 42 AG 39 AG37 AG 38 AG 44 AG 43 AG 36 AG 46 AG 40
Na 0.046 0.057 0.039 0.051 0.031 0.051 0.063 0.04 0.045 0.061
Mg 0.01
Al 1.09 1.20 0.90 0.80 0.72 1.09 0.87 0.73 1.20 1.02
Si 1.52 1.78 1.42 1.17 1.15 1.56 1.34 1.15 2.08 2.48
P 0.12 0.15 0.11 0.10 0.07 0.20 0.17 0.11 0.23 0.20
S 2340 2281 2293 2225 2394 2171 2052 2346 2028 2152
Cl 152 164 137 164 202 176 191 149 149 184
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ca 0.28 0.42 0.30 0.25 0.14 0.46 0.33 0.18 0.45 0.37
Sc 1.5 1.7 1.8 1.7 1.8 2.4 2 1.6 2 1.8
Ti 507 494.35 597.25 401.8 568.35 526.55 423.65 471.95 475.8 414.55
V 12 7.3 9.5 6.3 12 8 8.2 10 6.4 5.9
Cr 5 4.55 5.9 4.6 6.6 7.6 7 5.05 7.25 6.35
Mn 2 2 1 1 1 2 2 2 3 2
Fe 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Co 6.0 6.6 5.7 10.0 8.3 6.8 7.2 10.5 6.0 7.4
Ni 6 5 6 5 7 6 6 7 6 6
Cu 6 7 8 5 7 8 6 6 7 6
Zn 6 2.3 2.615 5.45 4.8 5.25 4.3 3.65 3.05 3.3
Ga 3.35 2.5 3.25 2.15 4.2 2.75 2.5 3.45 1.85 2.45
Ge 2.8 1.7 1.9 1.7 3.2 1.9 2.2 3.1 1.7 0.6
As 0.085 0.33 0.36
Se 0.35 0.63 0.77 0.66 0.62 0.52 0.44 0.70 0.71 0.58
Br 0.915 0.95 0.76 1.25 1.2 1.1 1.08 0.995 0.92 1.4
Rb 2.6 2.0 1.7 2.3 2.4 4.4 5.5 5.0 6.3 6.7
Sr 328.65 278.95 147.05 236.8 223.35 658.65 763.9 629.95 1035 996.5
Y 6.7 10.6 7.5 5.8 3.9 7.2 4.9 2.8 5.4 4.7
Zr 33 34 31 24 36 32 21 23 26 25
Nb 1.4 1.3 1.2 1.0 2.1 0.9 0.3 1.0 1.1 0.6
Mo 0.3 0.2 0.4 0.2 0.7 0.7
Cd 0.2 0.5 0.4
In 0.018 0.011 0.022 0.012 0.017 0.017 0.022 0.021 0.014 0.012
Sn 0.7 0.6 0.5 0.7 1.1 1.0 0.7 0.4
Sb 0.13 0.085 0.1 0.11 0.16 0.095 0.19 0.43 0.32 0.19
Te 1.4 1.2 2.3 3.2 2.5 2.1 2.7
1 2.5 1.5 2.2 2.0 4.1 5.5 3.8 4.9 4.6
Cs 1.40 1.80
Ba 369.7 349.55 140.65 335.25 296.4 889.7 1062 831.75 1327 989
La 8.55 8.75 6.8 5 4.8 7.15 8.85 8 6.7 6.5
Ce 13.3 15.05 7.1 9.1 6 8.1 4.5 11.4 3.9 6.2
Nd 11 6.4 5.4 4.9 3.6 7.3 6.9 4.9 7.1 6.5
Sm 1.6 1.7 0.93 1.1 0.79 1.9 0.89 0.63 1.7 1.5
Eu 0.30 0.36 0.20 0.18 0.13 0.31 0.22 0.16 0.40 0.26
Tb 0.6 0.82 0.66 0.13 0.062 0.18 0.38 0.23 0.56 0.16
Dy 1.7 2.3 1.8 1.2 0.86 2.2 1.7 1.1 2 1.7
Yb 0.43 0.6 0.47 0.31 0.26 0.47 0.38 0.25 0.46 0.43
Lu 0.07 0.091 0.069 0.051 0.042 0.068 0.057 0.034 0.076 0.066
H f 1.135 1.345 1.3 1.165 1.35 1.25 1.03 1.375 1.31 1.18
Ta 0.29 0.4625 0.095 0.3975 0.11 0.388 0.37 0.75 0.855 0.4425
W 12 13 11 13 13 16 15 13 16 21
Au 0.00 0.00 0.00 0.00 0.00
Hg 0.77 0.066
TI 0.4 0.5 0.5 0.7 0.5 0.7 0.6 1.3 0.6 1.1
Pb 3.3 4.4 4.1 4.9 3.4 3.7 3.9 3.2 5.7 5.0
Bi 0.2 0.2 0.4 0.5 0.5 0.3 0.4 0.7 0.3 0.5
Th 1.5 1.35 1.8 1.85 7.9 2.2 3.4 3.15 1.7 2.7
U 2.50 2.00 2.05 1.86 1.73 3.85 3.55 2.78 3.80 3.08
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A G 33 AG 45 AG 34 AG 35 AG47 AG22 AG 23 AG21 AG 20 AG 30
Na 0.14 0.15 0.19 0.2 0.38 3.3 2.9 2.6 3.1 0.5
Mg 0.01 0.03 0.03 0.06 2.50 4.50 4.47 4.79 5.00 0.13
Al 0.86 1.59 1.85 1.67 2.00 12.07 10.78 10.55 11.89 1.58
Si 1.34 2.26 2.90 2.37 38.90 41.13 37.66 36.38 2.30
P 0.09 0.18 0.15 0.10 0.71 0.67 0.72 0.58 0.13
S 2550 2544 2851 2766 2084 790 630 951 587
Cl 254 253 324 190 120 26 5 17 91
K 0.10 0.11 0.14 0.11 0.24 0.72 1.78 1.60 0.37 0.18
Ca 0.28 0.61 0.51 0.49 1.90 6.05 6.70 6.33 8.35 0.84
Sc 2.2 2.8 2.3 2.5 4.2 13 13 14 9.2 2.5
Ti 647.7 559.4 562.65 743.8 1300 14250 13050 14650 12400 518.6
V 13 14 9.5 13 23 140 140 150 120 11
Cr 6.15 5.95 5.3 6.85 17 216.7 196.65 214.25 141.4 7.75
Mn 2 3 4 13 1040 1830 1090 1420 25
Fe 0.04 0.04 . 0.05 0.13 0.75 8.12 8.74 10.39 7.67 0.22
Co 4.6 3.2 4.5 8.2 38.0 67.2 77.1 65.0 60.9 25.0
Ni 6 6 6 7 122 149 130 127 6
Cu 7 7 7 5 38 36 39 27 4
Zn 4.1 6.4 4.2 7.35 50.7 82.25 97.1 191.4 4.6
Ga 3.75 3.65 4 4.2 6 27.9 25.6 26.3 18.8 3.9
Ge 0.3 0.7 0.4 0.5 0.3
As 0.3 0.7 0.8 1.2 2.1 12.6 1.6 2.6 12.9 1.2
Se 0.39 0.67 1.10 0.72 0.68 4.60 4.40 4.20 0.30 0.30
Br 3.05 2.8 7 5.4 0.38 0.2 0.4 0.4 0.545
Rb 6.5 9.1 . 8.8 6.9 25 64 47 13 7.6
Sr 147.95 188.1 129 240.05 370 1285.25 1649.5 1926.5 1016.8 272.8
Y 4.6 9.2 10.7 7.2 21 18 20 16 6.4
Z r 42 43 44 38 100 405 284 472 343 41
Nb 1.1 1.5 1.5 1.5 77 70 74 65 1.1
Mo 0.4 0.8 1.2 0.5 4.2 5.9 3.9 2.7 1.5
Cd 0.2 <• ■ 0.3 0.5 0.2
In 0.023 0.017 0.025 0.017
Sn 0.5 0.5 0.6 2.8 2.5 2.5 2.8 0.5
Sb 0.052 0.061 0.069 0.085 0.072
Te
1 2.0 1.7 1.8 2.9 2.0
Cs 0.31 0.52 0.45 1.09 0.14 1.03 7.60 1.71 0.76
Ba 107.65 92.1 75.5 154.6 210 433.4 610.5 563.55 275.35 148.3
La 8.7 7.75 6.5 9.5 8.8 58.7 52.35 57.45 47.85 10.05
Ce 13.5 11 12.8 12.6 15 100.55 89.8 97.4 79.6 15.95
Nd 5.2 8 4.9 8 4.5 30 26 29 23 7.2
Sm 0.98 1.8 1.3 1.9 0.91 5.9 5.6 6.3 4.8 2.3
Eu 0.15 0.30 0.23 0.32 0.18 1.90 1.80 2.00 1.50 0.35
Tb 0.11 0.18 0.19 0.24 0.06 1 0.91 1.2 0.48 0.15
Dy 1.2 2 2.2 1.9 1.1 4 3 3.5 2.9 1.2
Yb 0.32 0.56 0.61 0.44 0.77 1.5 1.4 1.6 1.3 0.48
Lu 0.059 0.098 0.1 0.068 0.13 0.23 0.24 0.24 0.2 0.078
H f 1.55 1.55 1.9 1.85 2.4 9.4 8 8.3 4.49 1.5
Ta 0.13 0.1 0.14 0.33 0.36 9.1 10 m o  4 5.35 0.6
W 14 9 15 16 66 120 94 85 58
Au 0.00 0.00 0.00
Hg 0.1 0.13 1  ’ > I1 -,r>1 ,
TI 0.3 0.3 0.3 0.6 . §
9
0.5
Pb 2.6 3.4 7.7 6.4 6 7 7 7.5
Bi 0.2 0.2 0.4 ■[ « & ■ 1 * 9fi 0.2
Th 1.65 2.2 3.65 2.9 4.6 9.05 8.75 9.15 7.6 2.6
U 1.23 1.83 1.80 1.60 1.90 0.30 0.60 1.00 0.40 2.00
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AG 32 AG 29 AG31 A G 28 AG50 AG IO A G 1 1 AG 12 AG 13 AG 25
Na 0.28 0.064 0.048 0.035 0.11 3.2 3.2 0.29 4.5 0.18
Mg 0.29 0.58 2.23 4.91 3.05 5.06 4.41 0.14 4.76 1.62
Al 0.72 0.45 0.48 0.26 0.52 11.79 12.56 1.24 9.92 1.08
Si 1.23 1.63 0.71 0.39 1.45 36.80 38.24 4.43 38.72 3.94
P 0.12 0.14 0.09 0.06 0.07 0.69 0.74 0.16 0.57 0.21
S 3194 3557 3058 2503 1140 1530 1287 697 777 3160
Cl 279 279 153 19 108 79 41 62 >  ' 105
K 0.04 0.03 0.01 0.01 0.32 0.70 0.14 0.55 0.13
Ca 1.48 2.85 7.66 13.41 9.38 6.29 5.72 0.78 7.10 6.11
Sc 1.8 0.79 1.7 1.7 1.9 14 14 2.1 11 2.9
Ti 719.3 479.7 408 378.6 539.35 15250 15850 711.8 13400 532.85
V 16 9.5 7.5 160 170 27 130 38
Cr 7.9 4.3 3.8 1.7 4.7 241.3 242.2 12.5 149.45 17.2
Mn 48 133 532 1438 921 811 1100 50 1600 351
Fe 0.44 1.05 2.95 6.00 3.63 8.94 8.80 0.31 8.44 2.57
Co 9.5 11.0 15.6 33.9 23.7 47.2 62.5 35.8 60.7 26.5
Ni 10 11 10 11 10 111 136 10 95 17
Cu 7 7 5 6 11 45 43 4 34 7
Zn 13.35 15.85 23.55 43.85 29.5 123.15 126.8 5.75 97.15 15
Ga 3.2 2.1 2.8 0.47 1.315 21.9 32.8 5.2 24.65 4.7
Ge 0.6 0.4 0.6
As 0.7 5.4 4.0 15.2 3.6 15.8 12.1 1.1 1.7 2.2
Se 0.48 0.86 0.61 0.75 0.55 2.85 M S J 0.20 5.10 0.70
Br 3.45 2.2 1.3 0.63 0.58 0.2 0.3 0.515 0.4 1.15
Rb 4.3 3.0 2.8 0.9 2.8 13 24 8.7 19 7.7
Sr 512.9 611.05 1557 1177 2205 851.5 901.15 707.1 916.2 1415.5
Y 5.9 2.7 1.0 19 23 7.9 20 5.6
Zr 35 31 24 14 16 407 551 60 406 36
Nb 1.3 1.5 3.2 1.0 1.2 75 80 2.0 70 1.0
Mo 1.3 5.2 1.9 0.4 2.9 3.9 6.0 1.7 5.0 0.7
Cd 0.2 0.2 0.3 fTtHiTL ' ■-- 0.3 0.3
In
Sn 3.2 3.2 1.0 2.7 0.4
Sb 0.049 0.43 0.19 0.63 0.36 0.1 1.2
Te 0.5 1.2
1 3.2 3.1 2.6 1.9 2.7 4.1
Cs 0.94 1.60 1.80 2.20 3.50 i.y . ■ 1.09 0.59 1.36
Ba 121.5 200.15 279.8 210.35 339.8 258.75 375.05 489.65 221.9 523.75
La 8.65 2.85 2.8 2.55 3.55 56.65 61.85 8.05 49.85 8.15
Ce 13.8 3 4.3 5.2 5.35 97.45 103.5 16.7 87.35 12.4
Nd 6.6 2.6 2.9 30 32 12 26 10
Sm 1.4 0.5 0.21 0.34 0.37 5.6 6.5 2.7 5.7 2.4
Eu 0.22 0.11 0.04 0.07 0.07 1.70 2.10 0.60 1.90 0.42
Tb 0.18 0.046 0.39 0.88 0.75 0.74 1.3
Dy 1.5 0.62 3.6 4.4 1.8 3 0.93
Yb 0.37 0.27 0.18 0.32 0.26 1.5 1.8 0.81 1.5 0.7
Lu 0.057 0.046 0.031 0.052 0.056 0.22 0.24 0.15 0.19 0.14
Hf 1.3 1.4 0.71 0.27 0.51 9.75 11.15 2.1 9.4 1.75
Ta 0.1 0.055 0.049 0.071 0.12 4.9 6.9 1.5 5.4 0.72
W 18 21 29 50 74 56 98 158 181 71
Au 0.00 0.00 0.00 0.00 . ■ - 0.01 0.00 0.00
Hg 0.079 0.14 0.099 >f P  • 8
TI 0.3 0.6 0.4 T ill: ,  - c  ! 0.4 1.0 0.5 0.8
Pb 3.3 5.2 4.6 5.1 6.0 7 6 6.4 6 5.8
Bi 0.4 0.2 0.6 0.5 0.5 0.6
Th 2.6 1.1 0.27 0.85 1 8 5.15 1.9 8.15 1.4
U 2.24 1.32 1.20 0.74 0.85 1.68 0.40
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A G 14 AG 15 AG 16 AG 24 AG 26 AG 48 AG 18 AG 17 AG 49 A G 27
Na 3.6 3.5 3.3 0.25 0.13 0.43 3.4 2.6 0.24 0.25
Mg 6.41 4.81 5.42 0.04 0.57 0.71 5.12 5.37 1.49 0.16
Al 11.58 10.69 10.37 1.34 0.85 1.51 10.97 12.19 1.38 1.69
Si 43.35 39.99 35.36 1.68 1.07 2.42 38.01 36.79 1.91 1.78
P 0.75 0.67 0.61 0.17 0.23 0.22 0.59 0.69 0.25 0.49
S 838 1380 792 2544 3917 1533 1256 2205 2635 13320
Cl 113 301 199 61 4 85 60
K 0.59 1.03 0.70 0.10 0.05 0.15 0.42 1.09 0.13 0.15
Ca 11.65 9.73 9.90 0.61 3.01 2.62 6.46 5.47 5.16 1.56
Sc 11 11 11 3.3 2.5 2.2 12 13 3.3 2.2
Ti 14200 13150 12650 740.45 557.7 561.35 13950 17300 677.95 555.25
V 42 210 130 21 16 27 130 180 31 16
Cr 165.85 180.7 166.9 7.65 5.9 22.35 196.95 223.85 35.05 10.95
Mn 1760 1630 2110 11 275 151 1110 991 589 168
Fe 8.34 8.07 7.33 0.11 1.07 0.80 8.00 10.14 2.41 3.31
Co 100.3 66.1 50.2 20.3 12.3 23.3 62.4 67.9 37.9 34.7
Ni 86 123 69 9 10 11 123 191 16 33
Cu 31 29 32 7 7 14 40 48 18 16
Zn 72.9 56.5 134.35 5.75 6.9 8.5 97.7 76.35 17.8 36.5
Ga 21.5 21.9 23 4.1 3 3.95 17.1 19.5 4.2 3.65
Ge 0.5 0.3 0.4 0.6
As 1.2 1.4 3.7 1.2 9.3 0.4 25.5 82.2 10.9 70.1
Se 2.95 4.80 5.00 0.53 1.05 0.70 2.65 6.10 1.10 3.15
Br 0.7 0.2 0.1 1.8 1.75 1 0.3 0.3 0.8 0.7
Rb 20 41 23 7.7 6.8 11.9 14 20 9.2 7.2
Sr 1433.5 2654.5 1323.5 420.7 1253.5 2408.5 1232.5 781.3 2535 1290
Y 17 13 17 12.8 10.7 6.0 20 20 6.1 17.8
Zr 358 276 417 46 39 26 400 387 37 28
Nb 65 70 67 0.9 1.4 1.4 73 83 3.4 1.4
Mo 5.0 5.4 4.1 0.8 2.3 2.1 7.9 6.0 6.3 8.5
Cd
In
Sn
0.3 0.2 0.3 0.2 0.2
2.5 2.8 2.3 0.7 1.1 2.7 3.1 0.4
Sb 0.36 0.5 0.18 0.24 0.65 4.2
Te 0.6 0.9 0.6 4.4 1.2
1 3.6 2.9 5.3 3.9 4.3
Cs 3.28 1.02 1.64 1.16 4.80 4.30 2.10 5.20 1.75
Ba 625.75 1626 488.55 153.4 411.55 1640.5 587.75 709.7 983.9 1087.15
La 48.95 39.6 49.65 16.25 9 9.2 55.65 62.2 10.55 10.15
Ce 83.95 71.1 84 26.1 14 14.1 93.75 101.6 15.1 17.9
Nd 27 25 23 20 12 25 25 28 28 16
Sm 5.5 5.1 5.2 2.8 2.4 3.4 5.3 6.2 3.1 3.8
Eu 1.70 1.60 1.70 0.47 0.63 0.87 1.70 1.80 0.81 1.10
Tb 0.32 0.51 0.41 0.17 0.28 0.38 0.34 0.69 0.21 0.65
Dy 2.7 3.6 3.4 1.5 2.1 2.2 3.9 3.2 1.7 3.8
Yb 1.4 1.3 1.4 1.2 1 0.66 1.6 1.5 0.74 1.1
Lu 0.2 0.19 0.2 0.22 0.19 0.085 0.24 0.21 0.11 0.19
Hf 8.65 8.75 8.45 2.05 1.44 1.095 8.9 9.75 1.05 1.37
Ta 8.1 7.7 5.5 1.3 0.75 7.1 5.55 0.24 1.37
W 356 178 61 33 18 73 72 78 95 50
Au 0.00 0.01
Hg
TI 0.5 0 .9 W m 0.9
0.15
0.8 1.3
*? .. > • 
m  <*;m 1.3
0.14
2.2
Pb 7 9 6 4.9 6.4 10.2 8 9 11.4 27.4
Bi 0.4 0.5
Th 8 8.25 7.9 2.8 1.5 1.8 8.65 9.6 1.6 1.7
U 0.70 0.60 2.05 1.83 4.70 0.60 0.60 3.40 1.85
2S"7
Table A.4. Chemistry of the Hunter Tunnel samples. B lank  ce lls ind ica te  va lues b e lo w  th e  de tec tio n
lim it. D y k e  sam p les a re  shaded  grey.
Units A G 66 AG 60 AG9 AG 6 AG8 AG 70 AG61 AG 59 AG 52
Na % 0.15 0.14 2.2 1.8 3.6 1.6 0.39 2.1 0.96
Mg % 0.02 0.06 7.26 7.30 5.19 7.31 0.16 5.96 4.03
Al % 1.69 1.15 8.07 8.32 9.06 7.56 1.42 6.99 3.17
Si % 3.27 3.77 30.90 31.60 34.24 25.56 7.87 30.25 21.19
P % 0.02 0.01 0.67 0.71 0.83 0.51 0.01 0.49 0.17
S ppm 2061 3086 1040 1178 1607 639 2343 2034 2383
Cl ppm 232 395 15 20 21 190 16 1059
K % 0.06 0.03 0.40 0.39 1.56 0.31 0.09 0.77 0.20
Ca % 0.04 0.76 4.04 4.13 6.00 2.73 0.52 10.69 15.62
Sc ppm 2.5 2 26 25 26 20 2.7 17 6.7
Ti ppm 752.5 597.4 23250 24000 25200 18700 707.45 18300 7800
V ppm 9.1 13 310 300 300 260 8.4 190 84
Cr ppm 8.05 28.2 451.2 438.9 380.15 349.2 6.6 259.3 116.35
Mn ppm 86 267 1410 1250 1450 1110 38 1320 1460
Fe % 1.09 0.37 12.53 12.52 10.75 12.16 0.21 8.79 4.60
Co ppm 26.1 21.3 78.6 85.6 96.4 73.8 21.8 58.5 45.5
Ni ppm 6 9 312 434 344 374 10 216 119
Cu ppm 11 6 73 77 79 102 9 62 26
Zn ppm 6.3 18.35 100.3 83.4 99.45 83.5 6.95 98.95 57.1
Ga ppm 3.4 4.2 19 23.6 21.55 25.7 2.9 17.95 8.8
Ge ppm 2.7 0.4
As ppm 0.3 2.5 1.6 1.3 0.8 0.7
Se ppm 0.955 0.95 4.6 5.4 5 0.95 1.6 0.4
Br ppm 2.9 20.8 2.75 0.6 52.4
Rb ppm 4.1 3.6 25 24 37 35 8.7 24 10
Sr ppm 301.15 49 972.7 1044.65 1252 397.55 307.3 1545 1072.5
Y ppm 12.3 32.1 25 25 27 24 9.2 19 11
Z r ppm 60 123 212 230 252 218 40 171 85
Nb ppm 3.9 6.4 74 78 92 91 5.7 54 24
Mo ppm 2.1 0.8 3.2 2.4 4.5 5.7 0.9 3.3 1.0
Cd ppm 0.3 2.5 0.9 0.2 0.4 0.2
In ppm
Sn ppm 1.3 3.2 2.1 1.7 1.8 0.6 1.7 0.9
Sb ppm 0.11 0.61 0.51 1.6 0.24 0.03 0.24 0.31
Te ppm 10.3 2.7 1.4
1 ppm 3.4
7.05
1.1
Cs ppm 0.7215 0.17 51.3 27.3 73.65 12.1 4.9 4.7
Ba ppm 81.15 60.1 7775.5 3209 1270 2025.5 247.25 921.35 585.9
La ppm 14.8 13.5 33.6 38.55 51.95 40.95 10.2 31.1 13.3
Ce ppm 30.3 25.6 37.7 69.05 98 73.7 13.1 58 24.6
Nd ppm 19 12 24 30 36 26 6.1 25 8.9
Sm ppm 3.8 2.5 7.2 7 8.8 6.2 1.1 5.6 2.3
Eu ppm 0.53 0.48 2.5 2.4 3.1 2.2 0.2 2 0.74
Tb ppm 0.25 0.34 0.58 0.95 8.6 0.91 0.22 0.75 0.2
Dy ppm 2.3 4.3 4.2 4.4 5.5 3.8 1.7 3.5 2.5
Yb ppm 1.1 2.4 1.7 1.6 1.9 1.3 0.9 1.2 0.91
Lu ppm 0.18 0.41 0.23 0.2 0.24 0.18 0.18 0.15 0.13
Hf ppm 1.9 3.4 0.55 5.5 4.45 5.1 1.85 3.55 2.1
Ta ppm 0.66 1.185 5.2 5.2 7.2 2.8 0.845 4 1.7
W ppm 39 35 74 43 146 39 66 36 86
Au ppm 0.0018 0.014 0.007
Hg ppm 0.083 ■ ’ -r.■*:;£ .!■; ■ | |
0 .077
TI ppm 0.7 1.5 1.2
Pb ppm 6.3 8.7 3 2 4 2 7.2 3 4
Bi ppm 0.5 0.8 0.7 0.4
Th ppm 5.75 1.95 5.4 5.8 7.45 6.55 2 4.95 2.6
U ppm 2.2 1 0.5 0.8 1.435 1
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AG 53 AG 54 AG 57 AG 65 AG 55 AG 56 AG58 AG 68 AG 62
Na 0.71 0.98 0.31 0.11 0.15 0.069 0.11 0.14 0.091
Mg 1.76 0.93 0.83 0.08 0.19 0.02 0.08 0.03 0.04
Al 1.22 1.88 1.51 1.75 0.32 0.57 0.97 1.33 1.80
Si 10.21 7.09 5.24 3.87 0.84 2.36 3.54 3.03 3.29
P 0.01 0.05 0.02 0.01 0.01 0.01 0.01 0.01 0.03
S 1570 3900 2968 2117 3401 2719 3058 2390 2344
Cl 1840 83 188 58 131 164 103 121 162
K 0.05 0.28 0.08 0.33 0.01 0.01 0.02 0.02 0.09
Ca 4.90 2.98 3.74 0.24 1.13 0.08 0.72 0.44 0.47
Sc 3.7 5.9 3.3 3.5 3.8 2.4 4.6 4.4 2.2
Ti 1341 3470.5 848.25 687.5 656.45 515.15 429.25 605.4 760.55
V 19 50 15 9.5 12 9 9 7.8 14
Cr 19.05 39.7 6.4 7.1 5.55 3.9 4.9 8.15 17.45
Mn 787 237 353 15 155 49 92 209 298
Fe 2.72 3.27 0.86 0.15 0.70 0.33 0.85 1.25 0.51
Co 33.3 68.2 59.6 23.8 62.4 31.7 15.6 12.0 5.9
Ni 28 100 11 7 7 9 7 7 6
Cu 9 23 10 10 6 12 7 10 8
Zn 21.5 42.4 14.2 22.9 8.2 85.55 13.7 10.6 8
Ga 3.8 6.55 3.6 6.25 3.75 2.8 3.05 4.15 3.4
Ge 0.7 5.4 1.4 2.7 1.0 0.4
As 1.4 2.3 0.3 0.3 0.5
Se 0.595 1.1 1.95 0.88 0.2 0.85 0.335 0.56 1.35
Br 12.7 6.3 5.1 2.95 3.75 1.85 3.8 4.8 3.5
Rb 6.0 10.7 9.9 15.6 1.0 2.2 2.3 3.3 5.7
Sr 621.65 644.1 1226 170.15 80.15 185.45 164 136.55 239.4
Y 9.9 12.0 10.7 7.8 6.4 6.7 15.0 8.9 4.5
Zr 49 77 64 41 36 48 46 55 51
Nb 5.7 16.3 14.3 10.3 3.1 1.4 2.2 10.0 3.0
Mo 2.3 1.2 1.1 0.5 1.2 0.3
Cd
1 n
0.3 0.2
in
Sn 0.7 0.9 4.5 1.1 0.6 0.6 0.6 0.8 1.0
Sb 1.7 0.29 0.33 0.21 0.15 0.75 0.41 0.095 0.19
Te 1.1
1 1.5 2.7 3.0 1.5 0.9 1.8 0.8 1.3
Cs 5.45 3.9 2.6 1.395 1.1 1.2 0.6905 0.12 0.76
Ba 231.65 344.35 276.5 130.45 48.6 153.1 69.9 130.05 176.1
La 7.2 18.9 12.15 9.15 2.55 20.3 9.25 9.05 12.85
Ce 12.55 28.1 30.65 15.4 5.25 27.1 13 19.35 16
Nd 5.2 10 11 8.1 9 5.8 9.4 9.2
Sm 1.3 2.1 3.1 1.6 0.98 1.5 2 2.3 1.8
Eu 0.26 0.71 0.41 0.18 0.16 0.2 0.34 0.26 0.27
Tb 0.15 0.47 0.28 0.09 0.098 0.064 0.25 0.16 0.1
Dy 1.5 2.6 2.1 1.7 0.79 1.1 2.8 1.2 1.1
Yb 0.92 0.94 1.1 0.81 0.53 0.58 1.4 0.91 0.63
Lu 0.17 0.16 0.19 0.12 0.099 0.11 0.2 0.17 0.11
H f 1.5 2.15 2.35 2.1 1.015 1.45 1.6 2 2
Ta 0.33 1.1 4.2 0.29 0.11 0.15 0.12 0.76 0.67
W 119 106 145 36 44 36 25 23 15
Au 0.002 0.0015 0.0022 0.0025
Hg 0.19 0.13 0.13 0.16
TI 0.4 0.7 0.9 0.6 0.3 0.6
Pb 2.9 5.3 15.3 6.5 2.3 5.4 4.0 5.3 7.4
Bi 0.7 0.3 0.6 0.5 0.2 0.3 0.3 0.5
Th 2 3.15 15.7 3 2 1.8 2.2 4.1 2.4
U 0.9 0.98 3.05 1.05 0.76 0.86 0.85 1.25 0.85
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Table A.4.contd.
AG51
Na 0.15
Mg
Al 1.30
Si
P
S
Cl 66
K 0.02
Ca 0.13
Sc 1.9
Ti 707.1
V 9.1
Cr 5.35
Mn 67
Fe 0.25
Co 17.1
Ni 1
Cu 3
Zn 4.7
Ga 5.15
Ge 0.8
As 0.3
Se 1
Br 1.95
Rb 2.2
Sr 251.1
Y 5.2
Zr 55
Nb 3.0
Mo
Cd
In
Sn 1.0
Sb 0.21
Te
11
Cs 0.052
Ba 157.95
La 10.65
Ce 3
Nd 6.9
Sm 1.5
Eu 0.29
Tb 0.26
Dy 1.3
Yb 0.51
Lu 0.089
Hf 1.7
Ta 1.26
W 24
Au 0.0021
Hg 0.12
TI
Pb 13.4
Bi 0.7
Th 6.9
U 1.85
A G 69 AG 67
0.19 0.13
0.09 0.01
0.64 1.42
2.33 2.81
0.01 0.01
2887 2255
228 149
0.01 0.02
0.96 0.08
6.3 3
687.15 657
11 3
5.45 5.05
44 28
0.58 0.35
18.4 23.1
6 7
10 10
84.75 15
3.6 3.4
2.3
0.2
0.54 0.92
29.25 2.6
3.2 2.6
192.75 92.45
13.8 8.1
37 36
2.0 7.7
1.2
0.6 1.1
0.13 0.15
1.1
3.2 1.7
2.25
136.15 57.55
17.85 12.2
25.8 19.85
10 8.6
2.4 2.4
0.36 0.23
0.16 0.16
1.5 1.1
1.1 0.91
0.23 0.14
1.85 1.45
0.11 0.7
44 54
0.0015
0.18 0.15
0.5 0.4
5.6 5.9
0.4
2.15 3.75
1.035 1.45
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Table A.6. Elements omitted from rock chemistry results due to incomplete records. Two cases are 
given; the drill core and the Hunter Tunnel. 
 
Core Tunnel 
Ge Ge 
Cd As 
In Mo 
Sn Cd 
Te In 
Cs Te 
Au I 
Hg Au 
Tl Hg 
Bi Tl 
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APPENDIX B 
 
Table B.1. The location of studies on the composition of carbonates in sedimentary environments. 
Note the range of lithologies and locations. 
 
Author Lithology Location 
Hay (1963) Eolian Tuff Tanganyika 
Fritz and Smith (1970) Limestone Canada and Europe 
Al-Shaieb and Shelton (1978) Sandy oil reservoir Libya 
Boles (1978) Sandstone USA 
Gould and Smith (1978) Oil Reservoir Western Australia 
Gautier (1982) Shale USA 
Fisher and Land (1986) Sandstone and Shale USA 
Schofield and Adams (1986) Limestone England 
Taylor and Sibley (1986) Dolomite USA 
Wopfner and Höcker (1987) Sandstone Italy 
Ayalon and Longstaffe (1988) Sandstone USA 
McLimans and Videtich (1989) Limestone England 
Sullivan et al. (1990) Sandstone North Sea 
Leach et al. (1991) Sedimentary Sequence USA 
Wood and Boles (1991) Sandstone USA 
Baker and Golding (1992) Sandstone Queensland 
Coleman (1993) Sedimentary Sequence United Kingdom 
Lundegard (1994) Sandstone Norway 
Srinivasan et al. (1994) Carbonate Platform USA 
Ayalon and Longstaffe (1995) Sedimentary Sequence Israel 
Souza et al. (1995) Oil Reservoir Brazil 
Worden and Matray (1998) Oil Reservoir France 
Stewart et al. (2000) Sedimentary Sequence North Sea 
 
APPENDIX B.1 
 
The following authors have studied an aspect of cleat carbonates in coal: Kisch and 
Taylor (1966); Podwysocki and Dutcher (1971); Hatch et al. (1976); Gould and Smith 
(1978); Gould and Smith (1979); Shieh and Suter (1979); Botz et al. (1986); Curtis et 
al. (1986); Spears and Caswell (1986); Close and Mavor (1991); Tarabbia (1994); Faraj 
(1995); Faraj et al. (1996); Patterson et al. (1995); Ward and Swaine (1995); Boreham 
et al. (1998); Butler Jr. and Hamilton (2000); Glikson et al. (2000); Uysal et al. (2000); 
Ward et al. (2001). 
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APPENDIX B.2 - METHODS 
 
B.2.1 ANALYSIS 
 
B.2.1.1 XRD 
Smears were made of each sample and analysed by XRD using the method outlined by 
Carr et al. (1999). A spectrum was produced for each sample. The peaks in the spectrum 
were manually chosen in Traces v.4 and the edited spectrum was imported into µPDSM 
(micron Powder Diffraction Search Match, Fein Marquart Associates, Baltimore). A list 
of possible minerals was obtained and the most probable minerals based on the 
positioning of the peaks and previous findings were chosen. The detection limit of the 
analytical technique is ~5%. 
 
B.2.1.2 Stable Isotopes 
For the determination of δ18O and δ13C, 3-5 mg of carbonate was reacted in an 
individual reaction vessel with 104% phosphoric acid at 25ºC for at least four hours. 
The produced CO2 was analysed on a dual inlet Finnigan 252 isotope ratio mass 
spectrometer. The results are reported in the standard per mil d-notation relative to the 
V-PDB standard. The mass spectrometer is calibrated relative to NBS19 where 
δ13C = +1.95 V-PDB and δ18O = -2.20 V-PDB. The analyses were carried out at the 
CSIRO Centre for Isotope Studies, North Ryde.  
 
Baker et al. (1995) stated that in the absence of experimental data, the dawsonite-acid 
fractionation factor can be assumed to be the same as calcite (1.01025 at 25ºC, Sharma 
and Clayton, 1965). 
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T a b le  B .3 . Is o to p ic  c o m p o s it io n  o f a ll c a rb o n a te s . S o m e  re p e a t a n a ly s e s  a re  in c lu d e d .
S am ple D 1 3 C P D B
AG 72 2.215
AG 129 0.079
AG 132 0.213
AG 133 0.307
AG 138 -1.25
AG 139 0.17
AG 140 -11.677
AG 142 1.002
AG 143 0.765
AG 145 0.468
AG 146 0.994
AG 146 0.899
AG 149 -0.121
AG 150 -3 .835
AG 152 1.884
AG 155 -1.065
AG 156 -6.639
AG 157 -7.33
AG 158 0.423
AG 159 -0.478
AG 163 0.058
AG 165 0.263
AG 168 -0 .866
AG 174 -1 .297
A G 175 0.208
AG 178 -2 .495
AG 179 -0.391
AG181 0.293
AG 185 -0 .135
AG 186 0.512
AG 188 0.497
AG  190 0.48
AG191 -13.515
AG 192 0.374
AG 194 0.403
AG 194 0.526
AG 195 -9 .306
AG 196 0.911
AG 198 0.107
AG 200 0.286
AG 202 0.286
AG 206 0.603
AG 209 -1.673
AG 210 2.362
AG211 4.854
D 1 8 0 P D B  D 1 8 0 S M 0 W
-12.129 18.406
-13.82 16.662
-12.395 18.132
-12.587 17.934
-16.485 13.958
-16.143 14.268
-20.43 9.848
-10.747 19.831
-16.818 13.572
-11.005 19.565
-7.035 23.658
-7.537 23.14
-12.587 17.934
-15.331 15.105
-11.693 18.855
-15.827 14.593
-22.602 7.609
-21.847 8.388
-14.9 15.55
-15.328 15.109
-14.341 16.126
-15.814 14.607
-14.247 16.222
-14.625 15.833
-14.225 16.245
-17.111 13.27
-12.496 18.028
-13.721 16.765
-12.678 17.841
-15.658 14.768
-15.638 14.789
-15.686 14.739
-23.444 6.741
-14.347 16.119
-12.955 17.554
-12.61 17.91
-19.375 10.936
-13.384 17.112
-14.899 15.55
-15.99 14.425
-14.43 16.034
-15.966 14.451
-14.989 15.458
-12.333 18.196
-18.83 11.498
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APPENDIX B.3 
 
Some reactions that dawsonite undergoes are (Coveney and Kelly, 1971; Aikawa et al., 
1972; Brobst and Tucker, 1974; Wopfner and Höcker, 1987): 
 
NaAlCO3(OH)2 + 3SiO2   ⇔  NaAlSi3O8 + H2O + CO2 
          (Albite) 
 
11NaAlCO3(OH)2 + 29SiO2 + Ca2+  ⇔  Na9CaAl11Si29O80 + 11H2O + 11CO2 + 2Na+ 
          (Oligoclase) 
 
NaAlCO3(OH)2 + H2O   ⇔  Al(OH)3 + NaHCO3 
          (Nordstrandite) 
 
NaAlSi2O6.H2O + CO2  ⇔  NaAlCO3(OH)2 + 2SiO2 
(Analcime) 
 
NaAlCO3(OH)2    ⇔  NaAlO2 + CO2 + H2O 
 
Al4Si8O16(OH)12.nH2O + 4NaHCO3  ⇔  4NaAlCO3(OH)2 + 8SiO2 + (n+4)H2O 
 
Al4Si8O16(OH)12.nH2O + NaHCO3  ⇔  NaAlCO3(OH)2 + 3Al(OH)3 + 8SiO2 + 
(n+1)H2O 
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APPENDIX C 
 
APPENDIX C.1 
 
C.1.1 GROUNDWATER COLLECTOR ANATOMY 
The down-hole groundwater baler consists of a 5 cm diameter polycarbonate tube with 
one-way rubber valves at the top and base that remain open until upward pressure is 
applied. Bailed samples were collected using a flow-through tube sampler, which only 
closed when it reached a selected sample depth. This allows sampling at nominated 
depths in different aquifers. A wire cable is attached to the top of the baler and a tripod 
placed over the hole. The wire travels from a dispenser, through the top of the tripod 
and straight down the hole, attached to the baler. The wire dispenser has a handle on the 
side that allows the baler to be hand winched to the surface. The handle has a magnetic 
device attached that counts the number of revolutions, this is used with a calibration 
curve to determine the depth. 
 
C.1.2 PREPARATION 
Prior to use, the down-hole balers and valves were scrubbed to remove built-up clay. 
They were then washed thoroughly with tap water and finally with reverse osmosis 
water. Once dry the balers and valves were sealed in plastic. 
 
All new water bottles used in this project were washed prior to use, twice with reverse 
osmosis then once with deionised water and stored until required. 
 
Sterile gloves were worn during all stages of cleaning, preparation and sampling to 
reduce contamination. 
 
C.1.3 STORAGE AND FILTRATION 
All samples were taken back to the university and stored in a cold room at 4°C. The 
samples were filtered under pressure through 0.45 µm membranes using a reusable 
Nalgene filtration system with a 0.5 L reservoir and 1 L base. 
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Approximately 900 mL of each sample was filtered and the remainder kept in the 
original bottle. The filtrate was split between three bottles, 800 mL in a 1 L HDPE 
bottle for isotopic analyses, 30 mL in a 60 mL HDPE bottle for ionic analyses and 50 
mL in a 60 mL HDPE bottle for analysis by ICPMS. A small volume was used at this 
point to determine the pH. Immediately following filtration, each of these bottles was 
returned to the cold room until analysis. 
 
Some surface samples from drill-holes contained so much mud that they were virtually 
unfilterable. As much as possible was filtered from these samples but usually only 
enough material for ionic and chemical analyses (~100 mL) was obtained. 
 
Prior to each use the filtration unit was washed twice with reverse osmosis water and 
twice with deionised water. Between uses the filtration unit was stored in reverse 
osmosis water. 
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Table C.1. The detection limit of each element analysed in the groundwater by ICPMS at CSIRO. 
Note the differences between the two batches. The elements for which the detection limit is unknown are 
marked with a ?. 
 
Analysis 1   Analysis 2   Analysis 1   Analysis 2   
Element DL (ug/L) Element DL (ug/L) Element DL (ug/L) Element DL (ug/L) 
Ag 0.5 Ag 0.1 Na  ? Na  ?
Al 50 Al ? Nb 0.5 Nb 0.1
As  ? As  ? Nd 0.5 Nd 0.1
Au 0.5 Au 0.1 Ni 0.5 Ni 1
B 500 B 100 Os 0.5 Os 0.1
Ba  ? Ba  ? Pb 0.5 Pb 0.5
Be 0.5 Be 1 Pd 2 Pd 0.5
Bi 0.5 Bi 0.5 Pr 0.5 Pr 0.1
Br  ? Br  ? Pt 0.5 Pt 0.1
Ca  ? Ca ? Rb  ? Rb  ?
Cd 0.5 Cd 0.1 Re 0.5 Re 0.1
Ce 0.5 Ce 0.1 Rh 0.5 Rh 1.0
Co 0.5 Co 0.1 Ru 0.5 Ru 0.1
Cr  ? Cr ? Sb 0.5 Sb 0.1
Cs 0.5 Cs 0.1 Sc  ? Sc ? 
Cu 0.5 Cu 1 Se  ? Se 10
Dy 0.5 Dy 0.1 Sm 0.5 Sm 0.1
Er 0.5 Er 0.1 Sn 2 Sn 0.2
Eu 0.5 Eu 0.1 Sr  ? Sr ?
Fe N/A Fe 100 Ta 0.5 Ta 0.1
Ga 0.5 Ga 0.1 Tb 0.5 Tb 0.1
Gd 0.5 Gd 0.1 Te 0.5 Te 0.1
Ge 0.5 Ge 1 Th 0.5 Th 0.1
Hf 3 Hf 0.1 Ti 5 Ti 10
Hg 10 Hg 1 Tl 0.5 Tl ?
Ho 0.5 Ho 0.1 Tm 0.5 Tm 0.1
I ? I 100 U 0.5 U 0.1
Ir 0.5 Ir 0.1 V  ? V ?
La 0.5 La 0.1 W 0.5 W 0.1
Li 100 Li 100 Y 0.5 Y 0.1
Lu 0.5 Lu 0.1 Yb 0.5 Yb 0.1
Mg ? Mg ? Zn 5 Zn ?
Mn 0.5 Mn 1 Zr 0.5 Zr 0.1
Mo 1 Mo 0.1  
 
Table C.2. Chemistry of the 53 groundwater samples. Blank cells indicate values below the detection 
limit. All values are in ug/L except HCCh, Na, Mg, S04, Cl, K, Ca, Fe, Br, and Rb, which are in mg/L.
S am ple pH H C 0 3 Na Mg Al S 0 4 Cl K Ca Sc V Cr
AG 102 9.06 537 880 29 1165 14 13 1.32 4.17 12.45
AG 104 8.71 1058 300 270 75 900 12 67 2.94 12.87 15
A G 114 8.64 999 340 300 57 925 11 78 4.32 16.86 22.11
A G 126 8.96 710 92 273 2180 15 49 3.18 5.64 17.61
AG101 6.76 1166 500 240 54 1000 14 130 4.05 4.5 13.92
AG 95 6.7 886 460 230 51 1000 13 89 2.85 3.99 11.94
A G 123 6.67 1608 475 245 60 1025 14 90.5 3.15 4.155 12.855
AG 88 6.92 1117 470 270 48 990 12 84 3.48 5.94 17.34
AG 100 9.04 1853 615 160 30 620 18 54 4.035 5.28 17.115
AG 112 9.5 921 110 325 71 10 4.26 18.15 53.76
AG 96 8.85 872 99 310 57 17 5.04 16.23 48.15
A G 124 9.08 715 130 20 12 880 54 21 3.93 14.76 41.79
AG 94 8.92 947 660 27 12 595 7 28 4.56 4.17 12.93
AG 86 8.77 753 580 16 24 550 8 21 2.75 3.73 12.51
AG 90 7.49 997 660 17 31 9 535 8 23 2.95 3.91 13.89
AG 76 7.6 973 640 20 29 555 8 37 3.08 3.83 12.47
AG111 7.06 200 26 1150 43 17 4.35 23.82 49.11
AG  105 7.04 280 20 1120 40 18 3.42 18.9 38.94
AG 122 8.66 2100 480 41 18 650 6 36 2.94 2.76 9.42
AG 92 6.92 200 28 6 1130 37 18 3.27 4.05 8.91
A G 120 9.11 1461 880 2.4 6 920 7 13 2.94 5.52 15.87
AG 98 8.82 684 490 34 710 8 30 2.46 2.73 8.97
AG 84 8.42 374 500 33 22 9 700 6 27 2.53 2.43 8.25
A G 103 7.99 1047 500 33 24 705 6 32 2.68 2.46 8.21
AG 73 7.69 545 550 36 28 6 710 6 38 2.67 2.76 9.13
AG 78 7.8 1200 550 37 30 9 715 6 41 2.73 2.53 8.22
AG91 6.78 720 490 220 66 1085 15 78 2.76 3.3 10.59
A G 97 8.62 750 650 580 611 2050 12 130 5.37 4.56 11.1
AG 99 8.86 404 960 200 294 1700 17 39 3.3 5.01 15.6
AG 106 8.73 1675 120 190 21 410 4 47 3.42 30.33 10.59
AG 93 8.68 590 110 180 21 420 3 45 3 28.89 10.5
AG 110 8.16 740 190 156 1900 10 93 2.76 1.8 6.66
AG 80 7.94 810 140 25 150 1900 9 110 2.67 2.05 8.2
AG 115 8.27 495 820 140 25 126 1900 9 120 2.83 1.69 7.89
AG 79 7.22 90 890 150 40 144 1900 10 130 2.84 2.57 8.94
AG 77 7.37 222 910 150 31 141 1890 11 150 3.13 2.16 8.69
AG 125 8.76 1170 730 2.7 675 9 13 2.88 5.43 16.44
AG 85 7.46 462 540 31 24 3 710 7 27 2.61 3.37 10.61
A G 113 7.66 656 590 34 28 700 8 34 2.6 2.96 9.88
AG 89 8.09 1195 890 3.4 28 9 710 12 10 2.98 7.27 23.47
A G 119 6.77 1232 900 3.4 28 700 10 4.9 3.07 7.83 25.14
AG81 7.02 1768 960 3.6 35 700 11 20 3.45 7.85 25.26
AG 82 7.12 1507 980 3.9 32 6 690 11 21 3.62 7.82 24.82
AG 107 8.69 761 830 47 26 9 1050 13 37 2.94 5.3 17.14
AG 109 7.99 150 880 260 25 78 2600 13 130 2.53 2.99 10.2
AG  108 8.86 883 920 7.8 28 1530 14 9.1 2.88 11 34.43
A G 118 8.79 1644 930 1.8 14 6 695 6 2.9 1.37 5.6 18.95
AG 75 8.8 468 1000 5.8 24 3 1315 10 6.5 2.31 8.68 28
AG121 8.03 17497 240 0.73 7500 9 140 3 0.81 6.78 13.69 12.15
AG 83 6.61 960 260 30 1177 2620 50 480 2.92 2.35 8.27
AG 74 8.6 4367 93 1.9 2000 18 90 4 2.6 1.28 3.94 3.48
A G 87 7.69 5066 720 52 230 39 845 21 33 2.26 3.94 12.26
A G 116 8.24 1167 25 16 11 15 25 1 32 1.13 3.72 2.77
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Table C.2. contd.
S am ple Mn Fe Co Ni Cu Zn Ge As Se Br Rb
AG 102 26 3.18 9.15 3.51 8.52 4.3 19
AG  104 100 0.57 7.44 3.42 24 3 9.09 4.1 25
AG 114 0.6 8.58 4.11 37 2.79 10.7 4 24
A G 126 31 0.51 2.52 2.13 69 3.72 14.5 4.2 21
AG101 39 1.95 7.92 13 37 3.36 6.09 3.3 44
AG 95 2.07 0.66 5.16 0.99 13 3.12 7.23 3.6 43
AG 123 1.77 200 0.525 4.74 0.87 6.81 3.105 6.45 3.45 40
AG 88 4.35 0.51 6.81 2.22 7.41 3.5 36
A G 100 27 100 2.535 0.945 17.53 1.335 2.4 5.64 2.45 38.5
AG 112 300 3.21 1.77 0.63 2.28 0.58 150
AG 96 300 2.19 140 14 1.53 0.27 2.43 0.5 140
A G 124 3.03 500 4.74 12.57 110 280 0.66 4.29 5.85 2 110
AG 94 0.69 0.9 8.37 1.74 1.98 5.01 2.1 19
AG 86 9.43 1.45 0.73 1.3 19.48
AG 90 8.36 1.3 1.24 1.3 20.42
A G 76 1.02 12.18 1.65 1.59 1.3 20.34
AG111 14 19 35.49 22 36 30.93 8.19 4 100
AG 105 11 200 10 20.37 9.8 43 25.53 5.73 3.5 85
AG  122 500 0.42 1.98 1.56 4.08 2.4 15
AG 92 16 3.27 10.83 19 40 7.89 5.94 3.2 91
AG 120 2.28 200 3.21 2.79 3.66 3.2 20
A G 98 2.31 100 2.04 1.59 4.17 2.2 15
AG 84 8.09 1.92 2.01 1.6 15.72
AG 103 200 1.08 7.63 1.99 1.49 1.6 15.69
A G 73 6.27 2.08 1.66 1.7 15.68
AG 78 200 0.11 1.5 3.15 17.66 2.04 1.54 1.7 16.07
AG91 1.71 11.67 4.44 6.39 2.9 39
AG 97 17 18 90.15 0.93 3.84 13.2 5.9 11
AG 99 4.74 6.45 0.51 12 4.32 8.4 4.5 21
AG 106 2.43 300 3.09 1.23 34 1.56 4.62 2.2 2.55
A G 93 1.14 3.12 1.53 18 1.53 3.51 2.1 2.52
AG 110 1.32 3.51 6.81 5.1 11
AG 80 0.4 4.48 5.54 4.91 11.1 4 12.95
AG 115 200 0.48 4.73 7.7 4.73 14.9 4.2 13.32
AG 79 1.86 0.46 5.29 9.04 4.89 11.1 4.1 13.42
AG 77 12.4 0.65 6.92 11.19 5.27 10.8 4.1 13.39
AG 125 7.59 100 3.66 1.56 2.19 2.3 17
AG 85 1.1 9.74 2.46 1.88 1.6 18.15
A G 113 1.06 9.19 2.39 1.49 1.6 18.63
AG 89 4.8 2.8 1.76 1.8 25.63
A G 119 5.22 2.7 2.08 1.8 25.99
AG81 10 100 9.54 2.93 1.87 1.8 25.92
AG 82 10.9 5.02 3.25 2.18 1.7 25.93
A G 107 17.3 0.77 2.5 1.37 827.48 3.04 2.6 24.55
AG 109 200 0.8 6.72 3.32 8.39 18.3 6.8 10.82
AG  108 14 300 0.48 1.01 20.15 13.21 3.6 30.26
AG 118 16.7 100 0.15 1.37 59.08 2.65 1.5 15.37
AG 75 5.64 23.01 10.01 2.9 25.48
AG121 16.8 5200 1.04 9.29 8.22 549.78 11.9 10.54 0.43 11.48
AG 83 4200 21.22 26.62 12.55 42.94 1.31 5.04 25.2 4.2 85.58
A G 74 11.6 1300 0.49 1.9 1.67 14.29 3.66 1.19 0.31 5.08
AG 87 210 1300 13.16 21.43 24.79 3.89 8.68 2 38.59
A G 116 300 0.1 1.27 9.78 0.74 0.11 0.33
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Table C.2. contd.
Sam ple Sr Zr Mo I Cs
AG 102 1.3 94.1 84.4
AG 104 2.1 1.23 14.6 16.5
AG 114 2.2 7.8 13.3 21.9
AG 126 6.6 2.46 1.26 9.96 0.63
AG101 6 19.08 1.38 53.8 0.72
AG 95 5.5 1.29 1.35 30.6 0.75
AG 123 5.25 5.415 1.29 30.1 0.66
AG 88 5.2 9.84 1.92 34.1 0.57
AG 100 2.1 5.04 24.4 0.54
AG112 1.8 770 79 5.07
AG 96 2 820 88.7 4.95
AG 124 0.91 240 1.56 53.8 4.05
AG 94 2.3 39.84 67.3 0.78
AG 86 2.5 0.82 2.02
AG 90 2.5 0.74 0.23 2.17
AG 76 3 0.73 0.15 2.11
AG111 2.2 180 23.9 33.7 2.58
AG 105 1.8 140 26.6 24.6 2.22
AG 122 3.5 4.68 42 0.63
AG 92 1.5 360 1.53 44.1 2.34
AG 120 0.5 17.46 56.1 0.78
AG 98 3.1 9.18 36.4 0.63
AG 84 4.2 0.1 0.09 1.82
AG 103 4.3 0.11 0.15 1.85
AG 73 4.6 0.16 0.17 1.82
AG 78 4.8 0.16 0.19 1.86
AG91 5.4 4.92 5.85 25.8 0.66
AG 97 5.8 4.05 3.84 57.2
AG 99 5.6 5.46 1.08 14.2 0.51
AG 106 2.6 2.37 0.84 14
AG 93 2.6 1.65 0.81 15.1
AG 110 5.6 1.41 0.78 48 0.48
AG80 9.6 0.9 1.48
AG 115 10 0.91 1.48
AG 79 10 1.14 1.49
AG77 11 1.21 1.52
AG 125 0.36 4.71 38.6 0.51
AG 85 4.2 0.25 0.13 2.03
AG 113 4.5 0.22 0.19 2
AG 89 0.62 11.01 0.18 2.17
AG 119 0.56 11.18 0.2 2.22
AG81 0.68 11.44 0.17 2.21
AG 82 0.73 12.33 0.16 2.2
AG 107 4.4 0.34 0.82 1.37
AG 109 11 0.37 1.34 0.49
AG 108 1.6 8.92 4.78 2
AG 118 0.35 1.54 180 1.02
AG 75 1.2 3.65 9.85 1.69
AG121 0.036 6.81 20.9 1.12
AG 83 6.5 0.26 1.4 7.45
AG 74 0.09 2.51 12 0.26
AG 87 2.4 1.48 49.8 100 2.09
AG 116 0.25 0.12 0.42
Ba Eu W Tl U
240 1.02 1.65
380 1.86 1.56
390 1.62 1.47
160 1.02
760 2.61
510 2.46
450 2.31
340 1.08 2.28
185
5200
7800 0.72
4500
1300
1200 0.5 0.67
1200 0.47 0.16 0.74
1400 0.53 0.22 0.58
1800 10.95 5.79
1500 10.47 5.94
1000
1200 0.99 0.63
940
1100
940 0.38 1.17
1000 0.4 0.83
1100 0.41 0.73
1100 0.4 0.36 0.73
600 4.32 3.45
68 2.94 10.56
28 1.62
240 240 1.65
230 240 1.68
49 1.8
87 0.42
92 0.79
95 0.04 0.4 0.55
100 1.42 0.9
510 0.42
1400 0.56 0.96
1400 0.53 0.57
900 0.35 0.66
770 0.3 1.03
1000 0.4 0.52
1100 0.41 0.21 0.51
540 0.2 2.55 0.8
250 0.1 0.47 0.57 4.65
1300 0.52 8.42 0.63 0.82
290 0.1 2.17 1.02 6.57
790 0.27 3.49 0.27 0.53
44 0.08 79.12 0.6 1.93
110 1.06 0.64 0.97
13 0.55 0.63
180 100 0.65 6.16
9.6 0.74 0.44
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Table C.6. Elements that were omitted due to incomplete records. Each of these elements was 
represented in some samples but not all. 
 
Location Elements 
1550 m Al, S, Ni, Cu, Se, Mo, I, Eu, W, Tl 
KH26CT Ni, Zn, W 
1425 m Al, S, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo, I, Eu, W, Tl 
22MH Al, Mn, Fe, Co, Zn, Zr, I, Eu, W, Tl 
1485 m S, Mn, Ni 
3050 m S, Mn, Fe, W, U 
 
Table C.7. Correlation matrix for the routine monitoring groundwater data. Statistically significant 
positive correlations are shaded dark grey and negative are shaded light grey. 
 
  pH EC TDS Ca Mg Na K Cl SO4 CO3 HCO3 
pH               
EC -0.02             
TDS -0.05 0.63           
Ca -0.14 0.25 0.45          
Mg -0.15 0.46 0.75 0.47         
Na 0.01 0.61 0.92 0.26 0.66        
K 0.44 0.14 0.17 0.03 0.05 0.21       
Cl -0.07 0.62 0.96 0.44 0.73 0.93 0.16      
SO4 0.08 0.43 0.60 0.22 0.51 0.59 0.18 0.58     
CO3 0.39 0.10 0.20 -0.06 0.09 0.23 0.20 0.15 0.19    
HCO3 -0.11 0.46 0.60 0.20 0.56 0.62 0.13 0.54 0.47 0.16   
Mg/cations -0.27 -0.18 -0.24 0.08 0.20 -0.42 -0.26 -0.28 -0.12 -0.17 -0.01 
 
Table D.1. Location of cleat samples and the analyses performed on each sample.
Sample Easting Northing RL (masl) Mineralogy 813C
oCO’tO
AG71 286677.92 1436724.02 95 X
AG72 286677.92 1436724.02 95 X X X
AG127 284398.74 1437109.07 -89 X
AG 129 284398.74 1437109.07 -89 X X X
AG131 283570.53 1437120.87 -113 X
AG 132 287194.47 1437105.26 34 X X X
AG 133 287194.47 1437105.26 34 X X X
AG 134 289433.62 1437175.58 85 X
AG 135 284086.56 1437692.03 -110 X
AG 136 286187.50 1437065.63 18 X
AG 137 283000.52 1435000.22 107.01 X
AG 138 281517.90 1437501.60 -120.22 X X X
AG 139 284216.68 1438931.30 -123 X X X
AG 140 287337.38 1437115.91 25 X X X
AG 141 287851.41 1437135.09 24 X
AG 142 285568.91 1437575.82 -31.55 X X X
AG 143 284157.26 1438930.19 X X X
AG 144 284157.26 1438930.19 -127 X
AG 145 285848.98 1437107.85 0 X X X
AG 146 285848.98 1437107.85 0 X X X
AG 147 285848.98 1437107.85 0 X
AG 148 284885.51 1437106.71 -55 X
AG 149 284885.51 1437106.71 -55 X X X
AG 150 281502.08 1434002.07 72.3 X X X
AG 151 286549.26 1437086.08 29 X
AG 152 286549.26 1437086.08 29 X X X
AG 153 283001.81 1439250.21 -217.39 X
AG 154 283749.86 1437748.18 -144.55 X
AG 155 283749.86 1437748.18 -144.55 X X X
AG 156 281517.90 1437501.60 -63.82 X X X
AG 157 281517.90 1437501.60 -63.82 X X X
AG 158 284106.38 1437861.23 -114 X X X
AG 159 282499.50 1437273.23 -147.3 X X X
AG 160 282499.50 1437273.23 -147.3 X
AG 162 282000.48 1437998.53 -117.1 X
AG 163 284094.98 1437494.12 -105 X X X
AG 164 284094.98 1437494.12 -105 X
AG165 284097.34 1438753.42 -136 X X X
AG 166 284097.34 1438753.42 -136 X
AG 167 283891.88 1437126.38 -104 X
AG 168 283891.88 1437126.38 -104 X X X
AG 169 288264.77 1437141.48 12 X
AG 170 283750.07 1437499.75 45.08 X
AG171 283001.50 1437997.90 12.58 X
AG 172 283750.73 1435750.35 29.8 X
AG 173 283651.14 1437107.96 -111 X
AG 174 283651.14 1437107.96 -111 X X X
AG 175 284092.67 1437326.21 -100 X X X
AG 176 284092.67 1437326.21 -100 X
AG 177 283570.53 1437104.65 -113 X
AG 178 283570.53 1437104.65 -113 X X X
AG 179 285185.88 1437107.85 -45 X X X
AG 180 285185.88 1437107.85 -45 X
AG181 284111.20 1437494.12 -105 X X X
AG 182 284111.20 1437494.12 -105 X
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